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oxidation  of  cyclohexane  to  adipic  acid  using  air  as  the  oxidant.  This  process  may  offer 
an  environmentally  friendly  way  for  adipic  acid  synthesis. 

Great  progress  has  been  made  for  the  hydrocarbon  oxidation  by  the  Gif  system. 
We  improved  the  well-established  Gif  system  by  increasing!  the  reaction  efficiency  and 
the  life-time  of  the  catalyst. 

Several  iron  (III)  complexes  were  synthesized.  [Fc111  (DPA)(Phen)C10«]  complex  is 
the  most  efficient  catalyst  and  at  least  70%  more  active  than  the  best  catalyst  in  the 

iron  (ni)-peroxo  intermediate  was  also  isolated. 


Chiral  epoxides  are  important  building  blocks  in  the  synthesis  of  natural  products.  We 
synthesized  new  types  of  chiral  manganese  complexes  derived  from  amino  acids. 
Enantioselective  styrene  epoxidations  using  bulky  manganese  complexes  introduce  ee 
values  of  13%. 

The  safety  and  environmental  impact  of  the  destruction  of  chemical  warfare  agents 
are  of  great  concern  to  the  public.  Our  laboratory  has  shown  the  excellent  catalytic 
oxidation  of  EtPhS  by  formation  of  the  strong  oxidant  pcroxymonocarbonatc.  However, 
the  limited  solubility  of  NaHCOj  has  restricted  the  further  enhancement  of  the  catalytic 
ability  of  this  novel  oxidation  system. 

A modified  system  has  been  established  by  our  work.  By  using  NH4HCO4  as 
catalyst  and  C2H5OH/H2O  as  the  solvent,  the  reaction  rale  for  the  oxidation  of  EtPhS  can 
be  increased  10  times  compared  with  the  original  system,  and  using  a new  bicarbonate 
salt  with  a large  organio  cation  further  increases  the  reaction  rate. 

A large  number  of  patents  address  the  goal  of  replacing  hypochlorite-containing 
bleaches.  We  showed  that  in  basic  aqueous  solution.  Cuds  and  2-pyridylacctic  acid  form 
a complex  that  is  unusually  active  for  the  oxidation  of  organic  substrates  using  H2O2.  The 
maximum  concentration  of  the  active  species  occurs  when  the  ratio  of  ligand  to  metal  is 
8:1.  Several  copper  (11)  complexes  can  be  isolated  from  solution.  The  isolated  complexes 
require  excess  ligand  for  full  catalytic  efficiency. 


CHAPTER  I 

INTRODUCTION  TO  THE  CATALYTIC  OXIDATION  OF  ORGANIC  COMPOUNDS 

The  general  definition  of  oxidation  in  organic  chemistry  is  either  the  elimination 
of  hydrogen  or  the  replacement  of  a hydrogen  atom  bonded  to  carbon  with  another  more 
electronegative  element  such  as  oxygen-  The  common  functional  group  transformations 
involved  in  oxidation  reactions  are:  (I)  oxidation  of  alcohols  to  aldehydes,  ketones,  or 
carboxylic  acids;  (2)  epoxidation  ofalkenes  to  form  epoxides;  (3)  oxidative  cleavage  at 
functional  groups  such  as  carbon-carbon  double  bonds;  (4)  oxidation  of  ketones  and 
aldehydes;  (5)  allylic  oxidation  of  olefins;  and  (6)  oxidation  of  saturated  hydrocarbons. 
The  catalytic  oxidation  chemistry  considered  in  this  dissertation  is  mainly  oxygen 
transfer  reactions  from  oxidant  to  an  organic  molecule. 

In  general,  oxidants  have  been  grouped  into  three  classes:  oxygen,  ozone,  and 
peroxides;  transition-metal  derivatives,  such  as  permanganate  ion,  chromic  acid  and 
ruthenium  tetraoxide;  and  other  oxidizing  agents,  such  as  selenium  dioxide  and  peracids. 

A typical  example  of  using  traditional  oxidants  is  the  well-known  Baeyer-Villiger 
oxidation  reaction.  In  the  presence  of  acid  catalysts,  peracids  oxidize  carbonyl 
compounds  by  inserting  an  oxygen  atom  into  one  of  the  carbon-carbon  bonds  at  the 
carbonyl  group  (Figure  1.1). 

homogeneous,  heterogeneous  and  biochemical  enzymatic  oxidation.  In  this  chapter,  the 
only  focus  was  on  the  catalytic  homogeneous  oxidation.  Selective  oxidation 


processes,  in  which  hydrocarbon  molecules  are  oxygenated  to  form  alcohols,  aldehydes 
or  acids,  arc  the  basis  of  the  modem  pertrochemical  industry  and  constitute  the  largest 
category  of  catalytic  organic  reactions.  Practically,  processes  including  catalytic 
oxidation  reactions  obtain  most  monomers  used  in  manufacturing  of  artificial  fiber  and 


J } 

RCR  + R'COC 
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-■Hr*  - 

\)yO~C=0 


Figure  1.1:  Baeyer-ViUiger  oxidation  reaction. 

Applications  of  Homogeneous  Oxidation  Catalysis  in  Industry 
Catalytic  oxidation  reactions  can  be  traced  back  to  1820,  when  Davy3  showed  that 
ethanol  is  oxidized  to  acetic  acid  in  the  presence  of  platinum  (Equation  1.1). 


CH)CH2OH  + Oj  - 


► CHjCOjH  + II  ;0 


The  Wacker  process,  which  is  used  for  the  production  of  acetaldehyde  from 
ethylene,  is  the  first  industrial  applications  of  homogeneous  oxidation.4  The  oxidation  is 
catalyzed  with  cupric  chloride  and  palladium  chloride  and  air  or  oxygen  is  used  as 
oxidant  (Equation  1.2-1. 5). 

Vinyl  acetate  can  be  produced  from  ethylene  and  acetic  acid  by  using  same  type 


of  catalyst  (Equation  t.6).5 


CH2=CH2  +H20  + PdCl2  ► CH3CH0  + Pd  + 2 HCI  (1.2) 

Pd  + 2 CuCl2  *■  PdCl2  + 2CuCI  (1.3) 

2CuCI  + I / 2 02  + 2 HCI  2 CuCI2  + H20  (1.4) 


Pd  (II),  Cu  (II) 

CH2=CH2  +1/2  02  ► CH3CHO  (1.5) 

Pd  an 

CH2=CH2  + CHjCOOH  +l/202  ► CH2=CHOCOCH3  (1.6) 

The  production  of  tercphthalic  acid,  which  is  used  to  make  polyester  fibers,  is  the 
largest  commercial  homogeneous  catalvlic  oxidation.  Tercphlhalic  acid  is  obtained  by  tile 
oxidation  of  /r-xylene  with  air  using  soluble  cobalt  acetate  or  manganese  acetate  as 
catalysts.  Metal  bromides  are  often  used  as  a "promoter"  for  the  oxidation  of p-xylene  to 
terephthalic  acid.6  Some  applications  of  homogeneous  oxidation  catalysis  in  the  chemical 
industry'  are  summarized  in  Table  1.1. 

The  use  of  classical  oxidants  for  oxidation  reaction  leads  to  a big  environmental 
problem,  because  of  the  generation  of  numerous  amounts  of  byproducts.  For  example, 
one  mole  of  Pb(OAc)j  (OAc  = acetate)  as  oxidant  will  form  one  mole  of  Pb(OAc)j  and 
two  moles  of  acetic  acid  when  oxidizing  carbon-carbon  bonds  (Figure  1.2).’  Recently, 


more  attention  lias  been  paid  in  the  use  of  dioxygcn  (or  air)  and  hydrogen  peroxide  as 
oxidants,  which  are  inexpensive  and  environmentally  friendly. 

Table  1.1.  Major  applications  of  homogeneous  oxidation  catalysis  in  industry  ' 
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+ Pb(OAc)2  + 2 HOAc 


Figure  1.2:  Oxidative  cleavage  of  carbon-carbon  bonds  by  using  Pb(OAc>4. 


Activation  of  Dioxvgen 


The  molecular  orbital  configuration  of  02  is  ltjg1  laj  2ag2  2aa*  3ag2  In,,4  lttg\ 
Although  the  oxidation  of  organic  substrates  by  dioxygen  is  exothermic,  the  triplet 
electronic  character  of  the  ground  state  of  dioxygen  inhibits  its  reactivity  with  the  organic 
compounds,  which  arc  singlets,  by  the  spin  conservation  rule,  In  principle,  the  reduction 
potential  for  02  / H20  couple:  E“  = 1 .23 V (vs  NHE),  shows  that  dioxygen  is  a strong  four 
electron  oxidant  (Equation  1.7). 

02  + 4H*  + 4e‘  *■  2H20  (1.7) 

In  oxidation  reaction,  organic  substrate  only  can  provide  one  electron  or  one 
hydrogen  atom  per  molecule,  while  dioxygen  is  a poor  oxidant  for  one  electron  oxidation 
(02  / HOg  couple:  E°  =-0.1  OV  vs  NHE)  (Figure  1 .3).  This  accounts  for  the  kinetic 
inactivity  of  dioxygen  molecule. 

-0.10  +1.50  +0.71  +2.85 

02  H02  H202  H20  + OH  HjO 

I - I 

Figure  1.3: 02  Reduction  potentials  vs.  NHE  (an,  = l).9 

Activation  of  Dioxvgen  by  Formation  of  Free  Radical 

Hydrocarbon  molecules  can  be  activated  by  abstraction  of  hydrogen  resulting  in 
the  formation  of  free  radicals,  which  then  participate  in  a chain  reaction.  The  presence  of 


silion  melal  catalysis  may  accelerate  the  generation  of  radicals  in  liquid  phase  due  to 


the  reaction  in  liquation  1.8. 

RCHj  + M **  -*  RCHj . + H * + M (1.8) 

The  alkyl  radical  interacts  with  dioxygen  dissolved  from  the  gas  phase  to  form  peroxy 
radicals  (Equation  1 .9). 

RCH2  • +0, -*  RCHjO; . (1.9) 

Pcracids,  acids,  aldehydes  and  carbon  oxides  arc  produced  os  a result  of  chain 
radical  reactions.  These  O’  oxidation  processes  are  called  autoxidation  and  are 
responsible  for  the  degradation  of  many  organic  materials  such  as  plastics,  rubber,  libers, 
lubricating  oils  and  fats,  etc.  The  facility  of  electron  transfer  from  hydrocarbon  molecules 
to  the  metal  producing  the  cation  radical  is  related  to  the  ionization  potential  of  the 
organic  substrate  and  the  oxidizing  power  of  the  metal  cation.  Although  initial  studies 
were  concerned  mainly  with  finding  ways  of  preventing  autoxidation,  it  was  soon 
recognized  that  the  controlled  autoxidation  of  hydrocarbons  could  be  a useful  method  for 
preparing  a wide  range  of  oxygenated  derivatives  of  hydrocarbons.  The  conversion  of 
cumene  to  phenol  and  acetone,  which  was  discovered  by  Hock  and  Lang  in  1 944, 111  is  a 
well-known  commercial  autoxidation  (Figure  1 .4).  Autoxidation  becomes  more 
complicated  at  high  conversions  of  tltc  substrate  owing  to  the  accumulation  of  secondary' 

(<  20%)  are  restricted  for  autoxidation  syntheses,  and  excess  unrvactcd  substrate  lias  to 


be  recycled. 


Figure  1.4:  Transformation  of  cumene  to  phenol  by  autoxidation. 

Activation  of  Dioxygcn  throughMetal-Bound.  .Q^lms.rmediate 
The  spin  barrier  in  dioxygcn  oxidation  may  be  overcome  by  forming  adduct  of 
dioxygen  with  a metal  complex.  The  frontier  orbitals  of  the  oxygen  molecule  in  the 
ground  state  3£'e  arc  doubly  degenerate,  singly  occupied,  antibonding  ng*  orbitals. 

Usually  such  singly  occupied  orbitals  have  both  electron  acceptor  and  electron  donor 
properties.  When  a transition  metal  has  the  appropriate  energy  and  occupancy,  a mctal-O? 
complex  is  formed  by  electron  transformation  from  the  antibonding  ng'  orbital  of 
dioxygcn  onto  the  empty  d-orbital  of  the  metal  atom.  An  example  of  Co(II)  complex 
activates  dioxygen  is  shown  in  Figure  1.5. 


>|(*V) 


02 


Figure  1.5:  The  spin  pairing  model  for  bonding  O;  lo  Co(II)  complexes. 


The  interaction  of  dioxygen  with  metal  complexes  can  lead  to  tile  formation  of  a 
series  of  metal  superoxo.  peroxo.  and  oxo  complexes  (Equation  1.10): 

+ 02  + M + M 

M ■*-  M02  *-  M02M  ► 2 MO ► MOM  (1.10) 

superoxo 


p-peroxo 


Oxidationjte^^^ 


Nature  has  its  unique  way  fordoing  selective  O2  oxidation,  which  is 
accomplished  by  certain  enzymatic  systems.  Some  enzymes  of  the  mono-  and 
dioxygenase  types  incorporate  one  or  both  oxygen  atoms  of  Oj  respectively  into  a 
substrate.  A well-known  monooxygenase  is  iron-porphyrin-based  cytochrome  P-450.  The 

reduced  to  HjO  and  the  other  oxygen  atom  becomes  available  to  form  a high-valent  iron- 
oxo  species  for  the  oxidation  process  (Figure  1 .6). 


Figure  1.6:  Basic  features  of  the  cytochrome  P-450  oxidation  mechanism. 


Kinetics  p.f.O;  Qx  Multan  JBBMiisn 


A general  mechanism  of  O’  oxidation  reaction  catalyzed  by  metal  complexes  can 
be  illustrated  in  following  set  of  equations  (Equation  1.1 1 - 1.14): 

Cat-Oi  (1.11) 

Cal-Oj-S  (1.12) 

- Cat-0  + P (1.13) 

Cat-0  a-  Red  Cat  + H2O  (1.14) 

The  key  step  of  catalytic  02  oxidation  is  dioxygen  and  substrate  coordinating  at 
the  same  metal  on  two  adjacent  sites.  The  substrate  is  then  inserted  into  a metal-oxygen 
bond  forming  a peroxo  mctallocycle.  The  latter  decomposes  to  the  oxygenated  substrate 
and  oxo  metal  complex.  In  order  to  close  the  catalytic  cycle,  a co-reducing  agent  is 
required  to  reduce  the  oxo  metal  complex  to  the  initial  metal  state.  This  co-rcducing 
agent  can  be  a hydrogen  donor,  water  being  produced  in  the  course  of  the  reaction,  or  the 
substrate  itself,  which  would  be  oxidized. 

The  rate  of  formation  of  the  product  can  be  expressed  by  Equation  1.15,  which  is 
deduced  from  Equation  1.11-1.14.  The  expression  equation  for  depicting  the  rate 
formation  of  homogeneous  catalytic  oxidation  reactions  (Equation  1 . 1 5)  has  the  same 
form  of  the  Michaelis  - Menten  equation,  which  is  originally  used  to  describe  the  rate  of 
reaction  in  enzymatic  systems.13  Km  is  called  the  Michaelis  constant. 


Cat  + O.  ► 

k, 

Cat-02  + S ■ 

Cat-02-S  » 


II 

kit  Cat  US]  k2  [ Cat  ]0  [ S ] 

V-  = (1.15) 

<k_, + lc2)  / k,  + [S]  K„+(S] 

Instead  of  using  the  co-ieducing  agent  in  situ  in  the  reaction  mixture,  dioxygen 
may  be  reduced  in  a separate  operation  to  form  molecules  such  as  hydrogen  peroxide, 
sodium  hypechloritc  (NaOCI)  and  rerr-butyl  hydroperoxide  (r-  BuOjH).  These  types  of 
oxidants,  which  are  called  single  oxygen  donors,  are  economically  attractive  and  usually 
environmentally  acceptable.  From  the  industrial  point  of  view,  the  most  important 
properties  of  single  oxygen  donots  are  the  type  of  by-products  that  should  be  easily 
disposable  or  recyclable.  Considering  the  costs  of  the  production,  the  molecular  weight 
per  active  oxygen  should  be  as  low  as  possible.  Typically,  the  most  attractive  commercial 
single  oxygen  donors  are  hydrogen  peroxide,  sodium  hypechloritc  and  rerr-butyl 
hydroperoxide. 


Aotivation  of  Alkvl  hydroperoxide  and  Hydrogen  Peroxide 
Peroxides,  such  as  hydrogen  peroxide  and  alkyl  hydroperoxides,  are  among  the 
most  important  classes  of  single-oxygen  donors  used  in  organic  synthesis.  The  reaction 
catalyzed  by  metal  ions  using  peroxides  as  oxidants  can  be  divided  into  two  groups.  The 
first  group  involves  homolytic,  one-electron  processes  in  which  free  radicals  appear  as 
intermediates,  Fenton  chemistry  is  a well-known  example  of  this  type  of  reaction. 4 The 
mild  oxidizing  activity  of  hydrogen  peroxide  is  considerably  enhanced  in  the  presence  of 
a ferrous  salt.  In  aqueous  media,  hydrogen  peroxide  interacts  with  Fe(lt)  complex 
producing  .oil  radicals.  The  subsequent  reactivity  of  .OH  radicals  with  organic 
substrates  via  H-atom  abstraction  yields  alkyl  radicals,  which  propagate  chain  reactions. 
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The  yields  of  oxidized  substrates  arc  often  low  for  the  oxidation  reactions  using  Fenton's 
reagents.  This  is  because  the  non-productive  decomposition  of  H2O2  lakes  place  during 
time  as  a competitive  reaction, 

The  metal-catalyzed  homolytic  decomposition  of  alkyl  hydroperoxides  formed  as 
tile  results  of  reactions  from  Equation  1 . 1 6 to  1 .20  is  the  most  common  further 
transformations  taking  place  in  the  autoxidation  of  hydrocarbons.  1 wo  principal  reactions 
of  alkyl  hydroperoxides  with  metal  complexes  may  be  considered,  depending  on  the 
reduction  potential  of  the  metal.  When  metal  complex  has  strong  reducing  properties. 


reduction  takes  place: 

R02H  + M1”'"* ► RO.  + Mn*  + HO  * (1.16) 

Whereas  with  metal  complex  with  oxidizing  power,  oxidation  occurs: 

RO2H  + M"'  > R02. +MWI*  + H*  (1.17) 

A series  of  further  radical  reactions  are  followed: 

2RO™  ► 2RO-  + Oj  (1.18) 

RO.  + R02H  ► R02.  + ROH  (1.19) 

RO.  +R'H  > R'.  + ROH  (1.20) 


In  this  case,  transition  metal  complex  acts  as  an  “initiator"  for  the  reaction  rather 
than  a “catalyst".  Complexes  of  such  metals  as  cobalt  and  manganese  have  two  oxidation 
states  of  comparable  stability.  So,  both  reaction  (1.16)  and  (1.17)  proceed  and  catalytic 
decomposition  of  alkyl  hydroperoxides  takes  place  (Equation  1,21). 
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Co,  Mn  sails 

2 ROOH  2 ROH  + 02  (1.21) 

These  radical  reactions  are  generally  characterized  by  low  selectivily  and 
therefore  are  limited  in  their  applicability.  However,  considerable  efforts  have  been 
devoted  to  finding  means  by  which  hydroperoxides  can  be  stabilized  for  periods  long 
enough  to  undergo  a selective  reaction  to  form  more  stable  oxidation  products. 

Instead  of  mclal-catalyzed  homolytic  decomposition  of  alkyl  hydroperoxides, 
hydroperoxide  can  coordinate  to  a metal  complex  in  such  a way  that  its  terminal  peroxy 
oxygen  is  rendered  more  electrophilic  and  hence,  more  susceptible  to  reactions  with  n- 
electron  systems  of  olefins.  Oxygen  transfer  in  a two-clcclron  reaction  of  hctcrolytic 
cleavage  of  the  0-0  bond  follows  (Equation  1 .22).  Such  reactions  are  usually  much  more 
selective. 


S + ROrH  ► SO  + ROH  (1.22) 

Since  the  epoxidation  of  olefins  is  a very  important  industrial  application  of 
homogeneous  oxidation,  and  activation  of  saturated  hydrocarbons  the  most  prospective, 
these  two  type  of  reactions  will  be  discussed  in  detail. 

Catalytic  Enoxidation  of  Olefins 

Epoxidation  is  a very  important  reaction  with  significant  synthetic  applications.15 
Organic  pcracids  are  generally  used  to  carry  out  epoxidation  reactions.  Safety  and 
environmental  concerns  have  led  to  searching  alternative  epoxidizing  reagents  to  replace 
organic  peracids.  Alkyl  hydroperoxide  and  hydrogen  peroxide  are  the  best  candidates  for 
the  catalytic  epoxidation  reactions.  On  the  other  hand,  transition-metal-catalyzcd 


oxidation  of  alkenes  with  molecular  oxygen  generally  goes  through  radical  reaction 
pathway,  which  leads  primarily  to  allylic  oxidation  products  via  auloxidalion  rather  than 
epoxides. 

In  most  case,  alkyl  hydroperoxide  and  hydrogen  peroxide  arc  not  strong 
epoxidizing  reagents  to  perform  epoxidation  efficiently.  Several  methods  to  activate  alkyl 
hydroperoxide  are  devised.  One  way  is  generating  peracid  in  situ.  In  the  case  of  using 
H202,  the  following  equilibrium  can  be  reached  (Equation  1.23): 

O H*  o 

R II  + H202  ■ R ( + H20  (1.23) 

OH  OOH 

The  peracid  further  reacts  with  olefin  in  the  solution  to  form  epoxide  (Figure  1 .7). 


Figure  1.7:  Epoxidation  of  olefins  by  peracid.  6 

There  are  two  major  drawbacks  in  this  method.  The  amount  of  H20  in  the  system 
will  increase  during  the  reaction,  which  leads  to  shills  of  the  equilibrium  (Equation  1 .23) 
away  from  the  formation  of  peracid.  Thus,  the  epoxidation  reaction  will  slow  down  in  the 
presence  of  significant  amount  of  H20.  A separation  procedure  is  needed  to  continuously 


remove  HjO  out  of  the  reaction  system.  Also,  the  side  reaction  of  acid*catalyzed  epoxide 
ring  opening  will  decrease  tire  yield  of  formation  of  epoxide  (Equation  1 .24).' 7 


Transition  metal  complexes  can  also  activate  alkyl  hydroperoxides  and  hydrogen 
peroxide  for  the  epoxidation  of  olefins.  The  suggested  mechanism  involves  the  formation 
of  a hydroperoxide  complex  (Figure  1 .8). 18  The  nature  of  transition  metal  catalyzed 
epoxidation  reaction  consists  of  die  nucleophilic  attack  of  the  olefin.  The  catalyst  is 
functioned  as  a Lewis  acid  to  withdraw  electrons  from  the  peroxidic  oxygen,  rendering 
them  more  susceptible  to  this  nucleophlic  attack. 

Theoretically,  good  epoxidation  catalysts  have  high  Lewis  acidity  on  the  metal 
centers.  These  transition  metals  are  often  in  their  highest  oxidation  state.  The  order  of 
Lewis  acidity  of  transition  metal  oxides  is:  CtOj  > MoOj  > WOj  > TiO;  > VjQs  > UOj.1* 
That  is  why  common  epoxidation  catalysts  are  Mo(VI),  W(VI)  and  Ti(IV)  complexes. 
ARCO  process  utilizes  a homogeneous  molybdenum  catalyst  in  conjunction  with  on  alkyl 
hydroperoxide  for  the  production  of  propene  oxide  through  epoxidation  of  propene.20 

Although  Cr(VI)  is  a strong  Lewis  acid,  it  is  a poor  epoxidation  catalyst.  The 
oxidation  ability  ofCr(VI)  accelerates  the  hydrogen  abstraction  reaction  by  formation  of 
allylic  oxidation  products.  For  the  same  reason,  first  row  transition  metals  in  their  highest 
oxidation  states  arc  usually  not  good  epoxidation  catalysts  because  these  metals  either 
decompose  the  peroxides  or  do  allylic  oxidation. 


Figure  1.8:  General  mechanism  of  transition  metal  catalyzed  epoxidution  reaction. 


Selective  Catalytic  Oxidation  of  Saturated  Hydrocarbons 
The  activation  of  C-H  bonds  in  saturated  hydrocarbons  is  one  of  the  most  difficult 
challenges  facing  chemists.  The  primary  deterrent  in  the  activation  of  alkanes  is  the 
chemical  inertness  of  these  molecules.  The  second  obstacle  is  that  it  is  very  hard  to 
control  the  alkane  oxidation  reaction.  This  is  because  the  useful  oxidation  products,  such 
as  alcohol,  aldehyde  and  ketone,  are  much  easier  to  oxidize  than  the  corresponding 
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alkane.  Once  the  alkane  is  activated,  it  is  very  easy  to  get  over  oxidized  products,  which 
generate  CO;  and  CO. 

The  inertness  of  alkanes  may  be  attributed  to  their  high  C-H  bond  energies.  The 
value  of  the  C-H  bond  dissociation  energy  for  methane  is  104  kcal  mol  "V  But,  ethylene, 
acetylene,  and  benzene,  which  hove  stronger  C-H  bonds  (1 06. 120, 109  kcal  mol-1, 
respectively)  than  methane,  are  very  active  towards  oxidation  reactions.  So,  the  lack  of 
cither  it-  or  n-clectrons  in  saturated  hydrocarbon  molecules  may  attribute  to  their 
inertness.  Conversely,  the  7t-  or  n-clectrons  of  unsaturated  hydrocarbons  allow  most  of 
their  reactions  to  proceed  by  addition,  followed  in  some  case  by  elimination. 

Based  on  the  mechanism  of  catalytic  oxidation  of  saturated  hydrocarbon,  Shilov31 
classified  C-H  bond  splitting  reactions  into  three  groups. 

(1)  “True"  Activation:  It  corresponds  to  the  formation  of  an  organometallic 
derivative  containing  an  M-C  o-bond  as  an  intermediate  or  as  final  product.  The  reason 
they  call  this  type  of  activation  “ true"  is  that  in  this  case  there  is  a close  contact  between 
a metal  ion  and  a C-H  bond.  The  cleavage  of  the  C-H  bond  by  direct  participation  of  a 
transition  metal  ion  proceeds  via  oxidative  addition  mechanism  (Equation  1 .25),  or  an 
electrophilic  substitution  mechanism  (Equation  1.26). 

RH  + M1”  ► R-M'",s*-H  (1.25) 


RH  + M' 


(1.26) 


(2)  No  direct  contact  between  the  metal  and  the  C-H  bond:  The  role  of  transition 
metal  catalyst  in  the  reaction  is  abstracting  an  electron  or  a hydrogen  atom  from 
hydrocarbon.  No  M-C  e-bond  is  formed  in  this  group.  Tile  metal-oxo  complex  such  as 
CrOj  , MnO,  * or  an  oxoferryl  species  serves  as  an  oxidant  (Equation  1 .27). 

RH  + 0=M”' + R.  + HO-M1"'"' ROH  + M (1.27) 

(3)  A metal  complex  promotes  the  formation  of  a reactive  species,  which  then 

attacks  the  C-H  bond.  Other  reactants  (c.g.,  O,  or  H-O,)  can  be  activated  by  metal 
catalyst  to  form  a reactive  species,  which  then  attacks  the  hydrocarbon  molecule.  The 
reactive  species  is  usually  a radical,  such  as  a hydroxyl  radical.  The  oxidation  of  alkanes 
by  Fenton's  reagent  ( Fe 2*/  is  a typical  example  of  such  a process. 

Conclusions 

The  essence  of  catalysis  can  be  described  briefly  as  the  an  of  manipulating 
chemical  molecules.  Homogeneous  catalytic  oxidation  is  a productive  field,  which  needs 
to  be  further  explored.  The  current  explanations  to  the  mechanism  of  the  oxidation 
reactions  are  far  from  satisfied.  The  general  way  for  developing  a new  catalyst  is  still  by 
a “random  screening"  approach.  Even  with  the  new  combinatorial  method,  it  simply 
speeds  up  the  screening  process.  Some  current  industrial  oxidation  processes  were 
developed  in  1930's  and  I940's.  Despite  some  btg  disadvantages  ol  using  these 
processes,  for  example  they  may  cause  serious  environmental  problem,  chemists  ate  still 
struggling  to  find  better  catalysts  to  replace  the  currently  used  catalysts,  which  have  been 
used  for  50  years.  So,  the  catalytic  homogeneous  oxidation  reactions  will  continue  to  be 
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of  major  interest  for  chemists  and  the  big  driving  force  from  petroleum  chemistry  and 
fine  chemical  industry  will  keep  this  area  intensely  investigated  in  the  new  millennium. 


CHAPTER  2 

SINGLE  STEP  SYNTHESIS  OF  SOLID  ADIPIC  ACID  BY  CATALYTIC  OXIDATION 
OF  CYCLOHEXANE  IN  AIR 

Introduction 

Adipic  acid  (hcxancdioic  acid,  HOOC(CH2IjCOOI  I)  is  a linear  six  carbon 
molecule  containing  two  carboxylic  groups.  The  major  use  of  adipic  acid  in  industry  is 
for  the  manufacture  of  polyamides,  which  are  mostly  nylon-6,6  and  some  paper  additives. 
The  reaction  for  making  nylon-6,6  involves  the  condensation  and  polymerization  of 

nH;N(CH,)6NH;  + nH02C(CH,|,C0;H ► [ ‘ O.CfCHjjjCO,  NHjtCILIsNH,'  ]„ 

nylon-  6,6  salt 

»-  HO[CO(CH;))CONH(CH2)6NH|„H  + (2  n - 1 ) H20  <2-0 

Nylon-6.6  can  further  condense  with  epoxides  to  form  high-efficiency,  cationic 

and  tissues  (Equation  2.2),M 

0 A ft 

V~'^N — C-~~  + HjC— CHj  (2.2) 

H 0 CILCH.OII 
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ethoxylated  nylo 
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Polyesters  are  the  second  most  important  class  of  adipic  acid  derivatives  next  to 
polyamides.  Polyesters  arc  synthesized  by  the  condensation  reaction  between  adipic  acid 
and  alcohols  such  as  1,6-hexancdiol  (Equation  2,3).  The  esters  arc  marked  as  plasticizers 
for  PVC,  natural  and  synthetic  adhesives,  polystyrene  and  cellulose  derivatives  and 
synthetic  ester  lubricants. 4 

140  - 220  °C 

HO-R-OH  + n HOOC(CH2)4COOH  *- 

H0-R-0-[C0(CH2)4C00-R-0]i,-H  + HjO  (2.3) 


Adipic  acid  also  can  be  used  to  synthesize  some  chemical  products.  For  example. 
1 ,6-diaminohcxane  can  be  produced  from  adipic  acid  by  converting  it  into  the 
corresponding  diamide,  which  is  then  dehydrated  to  adiponitrile.  Hydrogenation  of 
adiponitrile  gives  1 ,6-diaminohexane  (Equation  2.4). 


NH3  0 0 -H20 

HOOCfCH^COOH  ► HjNqCH^NHj  


NC(CH2)4CN 

Adiponitrile 


H2  / Co  or  Cu 


125°C,  600atm 


(2.4) 


Adipic  acid  with  high  purity  can  be  used  as  a food  additive,  which  is  approved  by 
the  Food  and  Drug  Administration  as  ‘generally  recognized  as  safe'.  Generally,  Adipic- 
acid  is  used  in  desserts,  fruit-flavored  beverages,  jams,  jellies,  precooked  food  and  canned 
vegetables  as  a food  acidulant.14 
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The  production  of  adipic  acid  in  Ihc  United  States  is  about  7.44  x 10s  tons  each 
year,  which  accounts  for  30  % of  adipic  acid  production  worldwide.  The  currently 
favored  industrial  process  for  making  adipic  acid  uses  nitric  acid  as  oxidant.  Nitrous 
oxide  (NjO)  is  generated  as  a by-product  (Equation  2.5). 

CsHuOH/CsHioO  + HN03-»  Adipic  Acid  + aN,  + bNO  + dN20  (2.5) 


The  reaction  stoichiometry  is  about  1 mole  of  N20  per  mole  of  adipic  acid. 
Nitrous  oxide  is  unambiguously  implicated  in  environmental  problems  such  as  catalytic 
ozone  destruction,  acid  rain  and  smog.  Estimates  show  that  the  amount  of  nitrous  oxide 
generated  by  the  current  adipic  acid  process  may  account  for  about  1 0 percent  of  the 
overall  increase  observed  for  atmospheric  N20 27 

Several  attempts  have  been  made  to  develop  a one-step  air  or  peroxide  oxidation 
of  cyclohexane  for  the  preparation  of  adipic  acid  in  order  to  solve  the  environmental 
problems  generated  by  the  current  industrial  adipic  acid  process.  These  efforts  mostly 
used  a Co  (III)  catalyst  in  acetic  acid  medium  under  high  oxygen  pressure  (20-30  atm).2" 


0 


Cobalt  catalyst  (0.01-  0.04  M) 

02  (or  air)  ► Adipic  acid  (2.6) 

Acetic  acid,  90°C 


This  one-step  air  oxidation  process  (Equation  2.6)  can  reach  80%  conversion  and 
70%  selectivity.  However,  the  formation  of  by-products  in  the  one-step  oxidation  process 
necessitated  the  costly  product  purification  steps  in  the  plant  design,  which  makes  the 


D-step  process  still  preferred  in  industry. 


A mechanistic  investigation  showed  that  the  reaction  is  not  a classical  free-radical 
oxidation  in  which  pcroxy  and  alkoxy  radicals  serve  as  a hydrogen  abstracting  substance 


but  a catalytic  reaction  by  Co  (III)  and  Co  (II).  The  possible  mechanism  is  shown  in 

0 — 0'*“-*“' 

I ft 


o°'°— a°-o°" 


Figure  2.1:  Possible  mechanism  of  cobalt  catalyzed  air  oxidation  cyclohexane  to  adipic 
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The  cobalt-catalyzed,  air  oxidation  of  cyclohexane  shows  dial  glutaric  acid 
(HOOCC5H4COOH)  and  succinic  acid  (HOOCC2H4COOH)  constitute  a significant 
percentage  of  the  identifiable  products:  approximately  20  molc%  at  90°C  and 
50  mole%  at  1 50"C.  Those  results  suggest  that  the  instability  of  adipic  acid  contributes 
to  the  poor  overall  selectivity'.  Results  from  another  experiment  showed  that  at  high 
concentration  of  cobalt  catalyst  (>  0.15  M),  adipic  acid  is  indeed  converted  to  lower  acids 
in  the  presence  of  hydrocarbon.  The  ratio  of  adipic  acid  to  glularic  acid  to  succinic  acid  is 
about  4.7: 1 : 1 . The  coordination  of  cobalt  salt  to  adipic  acid,  which  promotes  the 
degradation  of  adipic  acid,  was  proposed.  The  decarboxylation  of  carboxylic  acid  during 
the  autoxidation  of  cyclohexane  is  shown  as  below  (Equation  2.7): 

$> 

R— CN  + Co5  *-  R’  + COj  ♦ Co2  + H (2.7) 

The  formation  of  by-products  such  as  glutaric  acid  and  succinic  acid  is  more 
complicated  than  expected.  Other  results  gave  opposite  conclusion.  Some  results  revealed 
that  at  low  catalyst  concentration  (-0.05  M (Co(OAc)3'4H’0,  OAc’  = acetate),  the  major 
route  to  glutaric  and  succinic  acid  is  not  via  decarboxylation  of  adipic  and  glutaric  acids. 
Only  <3%  of  the  adipic  acid  decomposed  at  90°C  and  at  1 50°C  > 1 2%  of  the  adipic  acid 
dccarboxylated. 

Most  literature  reported  one-step  oxidation  of  cyclohexane  to  adipic  acid  used  soluble 
cobalt  and  manganese  sails  such  as  Co(OAc)2'4I  I;0  as  catalyst.  One  paper  reported  ferric 
chloride  (FeClj)  -catalyzed  aerobic  oxygenation  of  2-halocyclohcxanoncs  (1)  in  methanol 
to  yield  adipic  acid  dimethyl  esters  (2)  (Equation  2.8).33  Using  non-halogenate  ketone. 
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2-methylcyclohexone  (3),  al  same  reaction  conditions  gives  exclusively  methyl  6- 
oxoheptanoate  (4)  (Equation  2.9).  On  the  other  hand,  ferrous  salt.  Fed:,  showed  no 
catalytic  activity  in  aerobic  oxidation  of  (1)  to  (2),  but  catalyzed  the  dohydrohalogenation 
producing  (5)  (Equation  2.10).  The  amount  of  FeCU  used  greatly  affects  the  reaction 
pathways.  The  formation  of  the  dehydrohalogenation  product  of  (5)  competed  the 
oxygenation  product  of  (2),  when  < 10  mole  % of  FeCI3  was  used.  Using  > 30  mole  % of 
FeClj  generated  more  adipic  acid  dimethyl  esters  (2). 


(5) 


Draths  reported  an  environmentally  compatible  bio-synthesis  of  adipic  acid  from 
D-glucosc  using  microbial  catalyst.  D-glucose  was  first  converted  into  c/x.cfs-muconic 
acid  (HOOCCH=CH-CH=CHCOOH).  Subsequent  catalytic  hydrogenation  of 
c/s.cis-muconic  acid  affords  adipic  acid  (Equation  2.1 1).  The  starting  material  D-glucose 
is  nontoxic  and  can  be  obtained  from  biological  source  such  as  plant  starch  and  cellulose. 
This  is  a very  promising  process  for  making  adipic  acid  while  the  optimization  and  scale 
up  of  the  reaction  are  problems,  which  are  not  easy  to  solve.34 


D-glucose  m.ri.r-muconic  acid  adipic  acid 


Sato  recently  reported  a route  in  which  cyclohexene  is  oxidized  directly  to  adipic 
acid  with  30%  H2O2.35  The  reaction  is  catalyzed  by  tungsten  catalyst  combined  with  a 
phase-transfer  agent.  The  reaction  pathway  is  shown  in  Figure  2.2.  There  is  no  air 
pollution  and  only  water  is  by-product.  High  yield  of  adipic  acid  (90%)  can  be  achieved. 
However,  the  cost  of  the  H2O2  as  oxidant  is  much  higher  than  that  of  air  for  the  use  in 
industrial  processes.  Therefore,  this  process  will  be  attractive  only  if  the  cost  of  H2O2  is 
considerably  reduced  or  if  the  regulations  regarding  nitrous  oxide  become  more  stringent. 


Na2WO.| 


0 


+ h202 


o 


o°— cc: 


h2o2 


H20  f^COOH 

*-  k^COOH 


Figure  2.2:  The  reaction  pathway  for  the  direct  oxidation  of  cyclohexane  to  adipic  acid 
with  aqueous  H2Oj. 
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Catalytic  oxidation  of  saturated  hydrocarbons  has  been  extensively  studied  in  our 
laboratory  and  several  related  papers  were  published  recently.56  Our  research 
demonstraies  that  transition  metai  complexes  such  as  Fe-dpphen  (dpphen  = 4.7-diphenyl- 
1,10-phenanthroline)  and  Ru-dnipphen  (dmpphen  = 2,9-dimcthyl-4,7-diphcnyl-l,10- 
phcnanthrolrnc  I are  able  to  catalyzes  oxidation  of  cyclohexane  to  solid  adipic  acid  under 
mild  conditions  using  air  as  oxidant. 


Reagents  and  Equipment 


Unless  otherwise  stated,  all  reagents  were  obtained  from  commercial  sources  and 
used  without  further  purification.  All  solvents  were  distilled  and  stored  over  4A 
molecular  sieves  before  use.  Gas  chromatographic  analyses  on  volatile  products  and 
reactants  were  carried  out  by  using  a Hewlett  Packard  model  5890  gas  chromatograph 
equipped  with  Hewlett  Packard  50+  column  (crosslinked  50%  phenyl  methyl  30m  x 
0.53  mm  x 1 .0  pm  film  thickness).  Helium  was  used  as  the  carrier  gas  for  the  gas 
chromatograph  with  a flame  ionization  detector,  and  a Hewlett  Packard  3396  Series  II 
integrator.  Substrates  and  products  were  identified  via  comparisons  with  known 
standards.  Calibration  curves  were  used  to  relate  peak  areas  to  the  number  of  moles  of 
products  and  reactants.  Infrared  spectroscopy  was  performed  on  a Nicolct  5PC  equipped 
with  I MW  He-Ne  laser  and  Nicolet  PCIR  software  (Version  3.2).  'H  and  IJC  NMR 
spectra  were  obtained  on  a Gemini-300  spectrometer.  Elemental  analysis  data  were 
performed  by  spectral  services  at  the  University  of  Florida. 


TcnmLof  1 M AgCFjSOj  aqueous  solution  was  added  to  10  ml.  of  0.5  M FeCI> 
aqueous  solution.  White  precipitate  (AgCl)  was  formed  immediately.  Further  stirring  the 
solution  for  approximately  3-4  hours,  the  white  precipitate  was  filtered  off  and  a clear 
Fe(CFiSOi):  solution  was  generated.  After  adding  30  ml.  of  0.5  M dpphen  ethanol 
solution  to  Fe(CF5SO-,):  solution,  a deep  red  solution  was  resulted.  Further  stirring  the 
solution  for  about  3 hours  to  reduce  the  volume  of  solvent  to  about  lOmL,  a large  crop  of 
red  product  was  formed.  The  precipitate  was  then  washed  three  times  with  small 
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quantities  of  above  solvent,  and  dried  in  a vacuum  oven  at  60  °C  for  at  least  1 2 hours.  A 
red  powder  was  obtained  as  the  final  product  (yield  85%).  Element  analyses:  Anal. 
Calcd.  for  FeiCjMjNtOsFsSj  (%):  C,  65.78;  H,  3.58;  N,  6.22.  Found  (%):  C,  65.66;  H, 
3.53;  N,  6.13.  Electron  spray  ionization  mass  spectroscopy  (ESI-MS)  for 
Fe(dpphcn)j(CFjSOj)i:  MW  = 1053  (Fc(dpphen)j!’);  MW  = 869 
(Fe(dpphcn);(CFjSO))');  MW  = 720  (Fe(dpphen)jJ‘);  MW  = 333  (Hdpphen*). 


Three  mmole  of  dpphen  ligand  was  dissolved  in  200  mL  of  C2H5OH.  2 mmole  of 
Fc(CI04)2  was  added  to  the  above  solution.  A deep  red  solution  was  resulted.  Further 
stirring  the  solution  for  about  2 hours,  a large  crop  of  red  product  was  formed.  The 
precipitate  was  then  washed  three  times  with  small  quantities  of  above  solvent,  and  dried 
in  a vacuum  oven  at  65°C  for  6 hours.  A red  powder  was  obtained  as  the  final  product 
(yield  8758).  Element  analyses:  Anal.  Calcd.  for  FeaCiMHssNiaOpCU  (58):  C,  68.58;  H, 
3.92;  N,  6.66.  Found  (98):  C,  68.64;  H,  3.73;  N.  6.68. 

ffenendjroceduie.for  Oxidation  of  . Cyclohexane  with  Air 

Oxidation  reactions  were  carried  out  in  a batch  reactor  as  previously  described.'17 
A typical  reaction  consisted  of  the  following  in  solution:  cyclohexane  (5  mL),  organic  co- 
solvent  (10  mL),  catalyst  (8.89  ■ I O'*1  mol),  and  chlorobenzene  (0.2  mL)  which  served  as 
an  internal  standard.  Each  reaction  wos  pressurized  with  air  to  45  psi,  and  placed  in  an  oil 
bath  with  a constant  temperature.  At  the  conclusion  of  the  reaction  period,  the  reactor  was 
taken  out  off  the  oil  bath  and  allowed  to  cool.  The  pressure  was  released  and  the  reactor 


monitored  and  quantified  by  GC.  The  moles  of  each  of  the  reactants  and  the  known 


clant  consumption  and  reaction  products  in  the  liquid  phase  were 


30 

products  were  determined  by  using  calibration  curves  for  each  compound.  The  solid 
reaction  products  were  separated  by  filtration,  washed  with  small  amount  ofCHjCN  and 
dried  in  a vacuum  oven  at  90  °C  for  at  least  12  hours.  Element  analyses:  Anal.  Culcd.  for 
adipic  acid  C6Hi0O.  (%):  C,  49.3;  H,  6.9;  N,  0.  Found  (%):  C.  48.8;  H,  6.7;  N.  0.06. 
Electron  spray  ionization  mass  spectroscopy  (ESI-MS)  for  adipic  acid  (CsHioOr): 


The  combination  of  molecular  oxygen  with  organic  compounds  and  solvents  at 
elevated  temperatures  and  pressures  is  a potential  explosive.  Extreme  caution  should  be 
taken  during  the  charging  and  disassembly  of  the  experimental  apparatus,  particularly 
around  the  equipment  that  generates  sparks.  The  use  of  safety  shield  and  allowing  the 
reaction  to  cool  prior  to  disassembly  is  highly  recommended. 


Data  were  collected  at  173  K on  a Siemens  SMART  PLATFORM  equipped  with 
A CCD  area  detector  and  a graphite  monochromator  utilizing  MoKa  radiation 
(X  * 0.71073  A).  Cell  parameters  were  refined  using  8192  reflections.  A hemisphere  of 
data  (1381  frames)  was  collected  by  using  the  or-scan  method  (0.3°  flame  width).  The 
first  SO  flames  were  re-measured  at  the  end  of  data  collection  to  monitor  instrument  and 
crystal  stability  (maximum  correction  on  I was  < 1 %).  Absorption  corrections  by 

The  structure  was  solved  by  the  Direct  Methods  in  SHELXTL5 . and  refined  using 
full-matrix  least  squares.  The  non-ll  atoms  were  treated  anisolropically.  whereas  the 
hydrogen  atoms  were  calculated  in  ideal  positions  and  were  riding  on  their  respective 
carbon  atoms.  A total  of  957  parameters  were  refined  in  the  final  cycle  of  refinement 
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using  91 82  reflections  with  I > 2o(I)  to  yield  Ri  and  wRj  of  6.25%  and  1 5.58%. 
respectively.  Refinement  was  done  by  using  F2.38 

B.«ul.t>Laild_})|s.ussio_n 

Synthesis  and  Structure  Determination  of  FetdnphenbfCFiSOib  161 

The  catalyst  6 was  prepared  by  addition  of  dpphen  in  C2H5OH  to  an  aqueous 
solution  ofFefCFjSOj). . Recryslalization  in  2-propanol  gave  the  suitable  single  crystal 
for  the  structure  determination.  The  crystal  structure  and  crystal  data  obtained  arc 
provided  in  Figure  2.3  and  table  2. 1-2.3. 


Figure  23:  Structure  of  catalyst  1.  ORTEP  view  of  the  cation  of  FefdpphenJjfCFjSOs)’. 
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Table  2.1.  Crystal  data  and  s 


Space  group 


Final  R indices  |!>2sigma(l>| 


efinement  for  Fe(dpphen)s(CFjSOj)!- 


13067  (Rfim)  - 0.0570| 


0.10(3) 

0.00028(14) 


argcstdilf.  p 


able  2.2.  Selected  I 


engths  (A]  for  Fc(dpphen)j(CFjSO))i. 


cled  bond  angles  [°]  for  Fe(dpphen)j(CF3S03)2. 


76.1(2) 

74.17(15) 

*3.1(2) 


13.8(4) 

16.0(5) 

29.3(4) 


16.8(6) 


14.0(5) 

03.7(5) 

03.7(5) 

03.0(5) 

09.1(9) 
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Tile  X-ray  crystal  structure  of  Fc(dpphen)s(CF3SOs):  reveals  that  ihc  three 
bidenlatc  dpphen  ligands  coordinate  with  the  iron  center  and  the  two  Inflates  (CF3SO3 ' ) 

ranging  from  1.954  to  1.978 A.  which  generates  a slightly  distorted  octahedral 

planar  with  the  central  part  of  the  ligand  with  the  distortion  angles  around  50  °. 

Oxidation  9f  Cyclohexane  to  Adipic  Acid 

Under  our  reaction  conditions  (I40°C.  90psi  of  air  and  5.9  x I0J  M of  catalyst), 
cyclohexane  is  oxidized  to  a 1:  7.1: 6.0  mixture  of  adipic  acid,  cyclohexanone  and 
cyclohexanol  in  5 hours  (21  turnovers  to  acid,  149  turnovers  to  ketone  and  126  turnovers 
to  alcohol). 

Table  2.4.  Catalytic  Oxidation  of  Cyclohexane." 


was  observed  as  ihc  product  Further  increasing  die  temperature  to  above  140°C.  a biaek 


precipitation  was  found,  which  suggests  the  increasing  formation  of  byproducts  nnd 
decomposition  of  the  catalyst. 

The  lack  of  a significant  induction  period  is  demonstrated  through  the  variation 
the  reaction  time  experiments.  Significant  amounts  of  adipic  acid,  cyclohexanone,  and 
cyclohe  xanol  sere  detected  for  a 1 hour  reaction  at  I20°C.  Higher  amounts  of  adipic 
acid,  cyclohexanone,  and  cyclohexanol  were  observed  with  longer  reaction  time 
(Figure  2.4). 


Time  (hr.) 


Figure  2.4:  Time  dependence  of  the  cyclohexane  oxidation. 


The  catalyst  generated  in  situ  has  lower  reactivity  than  the  isolated  solid  catalyst 
6.  The  insolubility  of  the  iron  (II)  salt  (Fo"(CFjSOj)2)  in  the  reaction  system  causes  the 
difficult  for  the  formation  of  active  compound,  which  may  account  for  the  lower 


reactivity  of  in  situ  generated  catalyst.  Changing  the  counter-anion  of  the  catalyst  6 from 
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Inflate  (CF3SO3 *)  to  perchlorate  (CIOi'J  does  not  effect  the  catalytic  reactivity  within  the 
experiment  error  (Table  2.5). 

Table  2.5.  Influence  of  the  counter-anion  of  catalyst  on  the  catalytic  oxidution  of 
cyclohexane.0 

Catalyst  Acid  (»:I0‘ mol)  Ketone  (*  Iff4  mol)  Alcohol  (■I0J  mol) 

FetdpphenWCFjSOj),  2.5  7.1  4.3 

Fe(dpphen),(CF,SO,)j'’  1.5  8.3  4.7 

Fc(dpphcn))(CIOjh  2.7  8.4  3.3 


2034:  cyclohexanol:  ±25%. 


b catalyst  generated  in  situ. 


Variation  of  the  ligand  to  metal  ratio  experiments  showed  that  highest  reactivity 
occurred  at  2:1  and  3:1  ligand  to  metal  ratio.  Less  adipic  acid  was  recovered  when  ligand 
to  metal  ratio  equals  to  6: 1 (Table  2.6). 

The  current  industrial  adipic  acid  process  generate  numerous  byproducts,  such  as 
formic  acid,  acetic  acid,  butyric  acid,  valeric  acid,  e/c.3b  There  are  no  detectable  amounts 
of  formic  acid,  acetic  acid,  butyric  acid  and  valeric  acid  generated  in  our  reaction  system. 
Several  unidentified  byproducts,  excluding  cyclohexanone  and  cyclohexanol.  were  found 
in  the  liquid  phase  by  comparing  the  GC  analysis  results  before  the  reaction  to  those  afler 
the  reaction  (Figure  2.5).  By  comparison  the  peak  areas  of  byproducts  with  those  of 


cyclohexanone  and  cyclohcxanol,  the  formation  of  by-products  in  liquid  phase  is  less  than 
5%.  We  also  detected  the  formation  of  small  amounts  of  CO,  CO2  and  H2O  in  the  gas 
phase  by  using  GC,  but  the  amounts  have  not  been  quantified-  The  isolated  adipic  acid 
was  analyzed  by  using  elemental  analysis;  mass  spectroscopy  and  NMR  (Figure  2.6).  All 
results  showed  that  the  isolated  adipic  acid  is  very  pure  (>95%). 

Table  2.6.  Influence  on  catalytic  oxidation  of  cyclohexane  by  variation  of  ligand  to  metal 
Metal : Ligand  Adipic  Acid  (xlO'4  mol)  Ketone  (X 10*  mol)  Alcohol  (x  I O’4  mol) 


"The  oxidation  reactions  were  carried  out  in  a glass  bottle  batch  reactor . The  reactions 
consisted  of  the  following:  Fc(CF3SOj)2  (1 .76  x I0‘s  mol),  certain  amounts  of  dpphen, 
o-dichlorobenzene  (10  mL),  cyclohexane  (5  mL).  The  pressure  apparatus  was  placed  into 
a constant-temperature  mantle  and  pressurized  with  45psi  of  air.  Reactions  were  run  for  6 


Figure  2.5:  GC  analysis  results  for  liquid  sample:  after  reaction  (left)  and  before  reaction 
(right). 


I 


Figure  2.6:  'H  NMR  spectrum  for  isolated  solid  product  (top)  and  adipic  acid  (bottom). 


Various  additives  have  been  extensively  studied  for  cyclohexane  oxidation  to 


provide  information  on  the  mechanism  of  the  reaction  (Table  2.7).  The  addition  of  a free- 
radical  inhibitor,  benzoquinone.  to  the  reaction  quenched  of  the  oxidation  reaction. 


Table  2.7.  Catalytic  oxidation  of  cyclohexane  with  different  additives." 

Additive  Amounts  Adipic  Acid  Cyclohexanone  Cyclohcxanol 


AIBN  (no  cat.) 


"The  oxidation  reactions  wetc  carried  out  in  a batch  reactor  using  a 250  mL  glass  bottle 
reactor.  The  reactions  consisted  of  the  following:  catalyst  (8.8  xlO1*  mol), 
o-dichlorobcnzcne  (10  mL),  cyclohexane  (5  ml.).  The  pressure  apparatus  was  placed  into 
a constant-temperature  oil  bath  at  120  °C  and  pressurized  with  45psi  of  air.  Reactions 
were  run  for  3 hours. 


Adding  AIBN  (AIBN  = 2, 2’-azobisisobutyronitrile).  a free  radical  initiator,  to  the  o- 
dichlorobcnzcnc  solution  containing  die  iron  catalyst  had  no  effect  on  the  reaction,  while 
AIBN  alone  did  not  initiate  the  reaction.  These  experiments  indicate  a catalyzed  free 
radical  chain  mechanism.  Adding  a small  amount  ofHzO  had  no  effect  on  the  reactivity' 
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of  the  catalyst  and  the  product  distribution.  The  catalyst  6 was  tolerant  for  at  least  small 
amounts  of  acid  but  suffered  with  small  amounts  of  base. 

Cyclohexylhydropcroxide  (CHP)  is  believed  to  be  an  intermediate  formed  in 
cyclohexane  oxidation,  In  the  current  industrial  process,  cyclohexane  is  first  autoxidized 
to  CHP,  which  is  subsequently  decomposed  to  cyclohexanone  and  cyclohexanol  in  the 
presence  of  cobalt  catalyst.  Adding  CHP  to  our  reaction  system  significantly  enhanced  the 
yield  of  adipic  acid,  while  the  amount  of  cyclohexanone  and  cyclohexanol  produced  were 
unchanged  within  experimental  error.  When  CHP  was  added  to  the  reaction  system 
without  iron  catalyst,  only  cyclohexanone  and  cyclohexanol  were  formed,  which  can  be 
attributed  to  the  decomposition  products  of  CHP. 

Because  dioxygen  is  a limiting  leagcnt  for  the  oxidation  of  cyclohexane  under  our 
reaction  conditions,  large  amounts  of  cyclohexanone  and  cyclohexanol  are  generated. 
Recharging  air  to  the  reactor  without  separation  showed  the  amount  of  cyclohexanone 
reaches  steady  state  concentration  and  the  amount  of  cyclohexanol  decreases  while  the 
production  of  adipic  acid  keeps  increases  (Figure  2.6).  Those  results  clearly  indicate  the 
conversion  of  cyclohexanone  and  cyclohexanol  to  adipic  acid. 
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0 1 2 3 4 5 

Numbers  of  Charging 


Adipic  Acid 
— B — Cyclohexanone 
— A — Cyclohexanol 


Figure  2.6:  Air  recharging  reaction  of  oxidation  of  cyclohexane." 

a The  oxidation  reactions  were  carried  out  in  a batch  reactor  using  a 300-ml  titanium 
autoclave  (Parr  Instrument).  The  reactions  consisted  of  the  following:  catalyst  (1.76  x I0's 
mol),  o-dichlorobenzene  (20  mL),  cyclohexane  (1 0 mL).  The  apparatus  was  pressurized 
with  lOOpsi  of  air.  Reaction  temperature  was  120  °C  and  reactions  were  run  for  11-12 
hours  for  each  cycle.  At  the  conclusion  of  each  reaction  period,  the  reactor  was  taken  out 
off  the  oil  bath  and  allowed  to  cool.  The  pressure  was  released  and  recharged  with  I OOpsi 


Other  Experiments 

Iron  (III)  telra-(pentafluorophenyl)  porphyrin  chloride  has  been  reported  as  the 
most  active  catalyst  for  hydrocarbon  autoxidation  reactions.40  Under  our  reaction 
conditions,  using  the  reported  Fe-porphyrin  catalyst  generated  large  amounts  of 
cyclohexanone  and  cyclohexanol  but  no  adipic  acid  was  found.  Several  transition  metal 
compounds  were  tested  for  the  oxidation  of  cyclohexane. 

Ru(dmpphen)jCl3  showed  good  catalytic  activity  towards  the  formation  of  adipic 
acid,  cyclohexanone  and  cyclohexanol.  However,  unlike  Fe(dpphen)j(CF3SC>3)2,  a much 
longer  reaction  period  (43  hours)  was  required  and  a significant  induction  period 


Tabic  2.8.  Catalytic  oxidation  of  cyclohexane  with  different  catalysts.' 


Mn(dpphcn)?Cl;!' 

FiKdropphcnMOtO'1’ 

CofCHjCOO), 

Fc-porphyrine 

Ru(dpphcn)jCl<‘ 
FefNOj-phen  IjfOtOi** 4 
Fe(phen)j(Otf);M 
Fc(dpphcn)i(Olt)/ 
Fc(dpphcn)j(Ot0r 


“The  oxidation  reactions  were  earned  out  in  a 250  mL  glass  bottle  reactor.  The  reactions 
consisted  of  the  following:  catalyst  (8.8  xlO"6  mol),  o-dichlorobenzene  (10  mL). 
cyclohexane  (5  mL).  The  pressure  apparatus  was  placed  into  a constant-temperature  oil 
bath  at  1 20  °C  and  pressurized  with  45psi  of  air.  Reactions  were  run  for  6 hours. 

11  Catalyst  generated  in  situ. 

c Fe-porphyrin  = iron(Ul)  tetra-(pcntafluorophenyl)  porphyrin  chloride;  Co-nap  = cobalt 
naphthenate;  dpphen  = 4.7-diphcnyl-l,10-phenanthro!ine;  dmpphen  = 2,9-dimethyl-4,7- 
diphenyl-l.lO-phenanthrolinc;  NOj-Phen  = 5-nitro-1.10-phcnanthroline:  phen  = 1,10- 
phenanthroline;  Otf  = triflate  (CFjSOj  *). 

11 10  mL  CHjCN  was  used  instead  of  10  mL  o-dichlorobenzene  as  solvent.  30  psi  air. 

* Compound  provided  by  Dr.  K.  S.  Schanze,  Department  of  Chcmistiy,  University  of 
Florida. 

‘Oxygen  enriched  experiment:  35psi  air  + lOpsi  Oj. 


(24  hours)  was  observed.  Samples  of  the  commercial  catalysts,41  cobalt  naphihcnate  and 
cobalt(ll)  acetate,  were  tested  and  found  to  be  inactive  for  making  adpic  acid  under  our 
reaction  conditions. 


Conclusions 

A chemical  process  has  been  developed  for  the  catalytic,  single  step  conversion  of 
cyclohexane  to  solid  adipic  acid.  These  novel  transition  metal  catalysts,  which  has  high 
solubility  in  the  aprotic  cyclohexane  / o-  dichlorobenzene  solution,  offers  a new  way  for 
selective  oxidation  with  dioxygen.  The  good  reactivity  of  the  catalysts  and  the  mild 
reaction  conditions  in  non-acidic  solvents  may  otTer  an  alternative,  environmentally 
friendly  process  for  adipic  acid  synthesis. 


CHAPTER  3 

ACTIVATION  OF  HYDROGEN  PEROXIDE  BY  MIXED  LIGAND  IRON  (III) 

COMPLEXES  FOR  THE  SELECTIVE  OXIDATION  OF  HYDROCARBONS 

The  use  of  dioxygen  for  the  selective  functionlizalion  and  oxidation  of  organic 
substrates  is  one  of  the  most  challenging  and  technologically  important  problems  in 
chemistry.  The  autoxidalion  of  saturated  hydrocarbons  under  mild  conditions  is  on 
intellectually  challenging  and  industrially  important  objective.  Designing  an  oxidation 
system  for  saturated  hydrocarbons  will  lead  to  new  opportunities  in  the  chemical  process 
in  industry, 

'Hie  selective  hydroxylation  of  an  unactivated  carbon-hydrogen  bond  in  nature  by  use 
of  enzymatic  systems  such  as  the  iron  porphyrin-based  cytochrome  P-450  clearly 
indicates  that  such  a process  exists/*  Over  the  years,  enormous  research  work  has  been 
done  in  this  area  in  older  to  find  a good  catalytic  system,  which  has  both  good  reactivity 
and  selectivity  for  hydrocarbon  oxidations.  The  Gif  system  is  well  known  in  this  area  and 
started  a new  chapter  in  selective  hydrocarbon  activation  chemistry." 

hydrocarbons  later  known  as  the  Gif  system/"  A typical  Gif  reaction  system  contains 
elemental  iron,  sodium  sulfide,  acetic  acid,  pyridine,  and  the  hydrocarbon  substrate. 
Elemental  iron  functions  not  only  as  a source  of  metallic  cation  but  also  as  a reducing 
agent,  and  sullidc  is  used  as  a ligand  for  iron.  The  primary  role  of  pyridine  is  to  Uap 


radicals  and  acetic  acid  is  used  as  a proton  source  (Equation  3.1). 


Fe,Na2S,  Pyridine 

Hydrocarbon  + O, *-  Ketone  + Alcohol  (3.1) 

CHjCOOH,  RT 

This  basic  system  is  relatively  unaffected  by  the  order  of  mixing  of  the  components. 
Sigmticunilv.  the  vields  can  also  be  obtained  with  other  acids  or  alkali  metal  sulfides.  The 
choice  of  solvent  is  crucial  in  controlling  not  only  the  yields  but  also  the  distribution  of 
the  products.  The  results  of  oxidation  of  adamantane  by  the  Gif  system  clearly  shows  the 
oxidation  process  is  not  radical  reaction  in  nature,  which  usually  predominantly  from  the 
tertiary  products  and  leads  to  the  relative  ratio  of  secondary  products  to  tertiary  products 
of  adamantane  (C2/C3)  less  than  0. 1 , Various  saturated  hydrocarbons,  such  as  admantanc, 
cyclohexane,  methyl-cyclohexane,  2-methyl  butane  and  cycioclane,  have  been 
regioselccnvcly  oxidized  with  surprising  efficiency  by  the  Gif  system. 

A trinuclcar  iron(Il).  iron(lll)  complex  bridged  by  carboxylates  has  been  successfully- 
isolated  from  the  Gif  system  (Figure  3.1).  The  oxidation  results  demonstrate  not  only  that 
the  cluster  is  an  efficient  catalyst  but  also  that  it  is  superior  to  the  often-employed 
porphyrin  and  salcn  models.4* 


Figure  3.1 : Slruclure  of  Fe“  Fe"l!0(0Ac)6(Py)j5  Irinuclcar  carboxylate  clusler. 

After  these  first  attempts.  Gif  chemistry  moved  forward  and  different  systems  were 
developed.  All  of  them  have  the  same  chemical  peculiarities.  The  nomenclature  is 
geographically  based  (Table  3.1):  G stands  for  Gif-sur-Yvette,  O is  for  Orsay,  Agg  is  for 
Aggicland  (Texas  A & M). 


Tabic  3.1.  The  nomenclature  of  Gif  chemistry.-11'1 


System  Catalyst  Electron  source  Oxidant 

Gil"  Felll)  lV  t); 


Giflv  Fe(II)  Zn° 

GO  Fe(H)  cathode 

GoAgg1  Fe(n) 

GoAgg"  Fe(III) 

GoAgg"1  Fc(IU)/picolinic  acid 


02 

o2 

K02/Ar 

H:0; 

H2Oj 


After  the  first  significant  Gif  system  (Gif411)  had  been  invented,  results  showed  that  the 


reaction  could  be  made  catalytic  in  iron  (up  to  2000  turnover)  by  using  metallic  zinc  as  a 
source  of  electrons  (Gil4v).46  Hydrogen  sulfide  was  not  needed  for  Gil*v  nor  for  Gil111  if 
the  temperature  was  raised  to  40  "C  to  start  the  reaction. 

An  electrochemical  version  of  the  Gif  system  was  developed  at  Orsay.  Hence,  it 
becomes  known  as  the  GO  system.47  Coulombic  yields  can  be  reached  as  high  as  60% 
and  oxidation  yields  attained  nearly  20%. 

Fc(II)  and  peroxide  (as  KO2)  were  used  in  the  GoAgg1  system  to  emulate  the  peculiar 
properties  of  Gif'4  system.  However,  the  reaction  was  only  theoretically  important  since  it 
was  no  preparative  value.44  Instead,  the  GoAgg11  system  is  much  more  important.  Fc(II) 
and  hydrogen  peroxide  in  pyridine/acetic  acid  also  shows  the  characteristics  of  Gif-type 
reactions  and  up  to  30%  hydrocarbon  activation  could  be  achieved  at  quantitative  yield.44 

One  inconvenience  of  GoAgg1  reaction  was  its  relative  slow  rate.  The  discovery  by 
Sawyer  and  co-workers  that  catalytic  amounts  of  picolinic  acid  and  congeners  decrease 
the  inaction  half-life  from  4-6  hours  to  5-10  minutes  led  to  the  GoAgg11  system 
(Figure  3.2).50 

Fe-PAorFe-DPA 

Hydrocarbon  + H:Oj  Ketone  * Alcohol 

Pyridine.  CH3COOH,  RT 


Figure  3.2:  GoAgg111  system  for  the  oxidation  of  hydrocarbons. 


49 

One  of  the  unknown  features  of  Gif  chemistry  is  the  mechanism  of  the  ketonization 
reaction.448  A mechanistic  scheme  (Figure  3.3)  shows  ketones  are  not  reduced  to  alcohols 
under  the  reaolion  conditions,  and  alcohols  are  not  converted  to  ketones  in  typical  Gif 
chemistry.  This  observation  suggested  that  a common  reaction  intermediate  B was 
responsible  for  the  formation  of  both  ketones  and  alcohols.  Also,  mono-substituted  alkyl 
derivatives  were  found  as  products  by  the  addition  of  different  trapping  reagents  to  the 
Gif  system.  For  example,  adding  CBrCU  affords  to  the  formation  of  alkyl  bromide.  All 
these  results  suggest  the  participation  of  another  reaction  intermediate  A prior  to  B.  which 
can  be  trapped  by  a trapping  reagent. 


Figure  3.3:  Possible  mechanism  for  the  Gif  chemistry. 
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Another  unclear  thing  is  that  the  rate  for  oxidizing  saturated  hydrocarbons  to  ketones 
at  a faster  rate  than  transforming  other  easy  to  oxidize  compounds.  ITS.  Ph’S,  PPh3  do 
not  inhibit  the  reaction  although  all  of  these  compounds  arc  more  easily  oxidized  than 
saturated  hydrocarbons. 

Although  great  progress  has  been  made  in  the  selective  oxidation  hydrocarbons  by  the 
Gif  system,  there  is  still  some  drawback  i.e.  low  reactivity  and  short  lifetime  of  the 
catalyst.  For  example,  the  reaction  efficiency  for  the  oxidation  of  cyolohexene  at  room 
temperature  by  using  the  most  notivc  catalyst  reported  in  the  literature,  Fe-DPA,  is  only 
about  30%  in  4-6  hours.50"  The  major  goal  for  our  work  is  to  improve  the  well  established 
Gif  system  especially  by  increasing  the  reaction  efficiency  and  the  lifetime  of  the  catalyst. 


Reagents  and  Equipment 

Unless  otherwise  stated,  all  reagents  were  obtained  from  commercial  sources  and 
used  without  further  purification.  All  solvents  were  distilled  and  stored  over  4A 
molecular  sieves  before  use.  Gas  chromatographic  analyses  on  volatile  products  and 
reactants  were  carried  out  by  using  a Hewlett  Packard  model  5890  gas  chromatograph 
equipped  with  Hewlett  Packard  50+  column  (crosslinked  50%  phenyl  methyl  - 30  m x 
0.53  mm  x 1 ,0  pm  film  thickness)  and,  helium  as  the  carrier  gas,  a flame  ionization 
detector,  and  a Hewlett  Packard  3396  Scries  II  integrator.  Substrates  and  products  were 
identified  via  comparisons  with  known  standards.  Calibration  curves  were  used  to  relate 
peak  areas  to  the  number  of  moles  of  products  and  reactants.  Infrared  spectroscopy  was 
performed  on  a Nicolct  5PC  equipped  with  1MW  He-Ne  laser  and  Nicolet  PCIR  software 


(Version  3.2).  'H  and  '’C  NMR  spectra  were  obtained  on  a Gemini-300  spectrometer. 
Eiemcntal  analysis  data  and  mass  spectra  (MS)  were  performed  by  spectral  services  at  the 
University  of  Florida. 

Prcparatton^flFe'^fDPAXH^QljllfC-YpPAl^l^bHjQ 

The  title  compound51  was  prepared  by  the  following  procedure:  30  mL  of  an  aqueous 
solution  (pH  = 1.5)  containing  10'Jmol  of  FeC I;  .11:0  and  2 • I0"5  mol  ofDPAH2  were 
stirred  at  room  temperature  for  one  hour.  Alter  allowing  the  solution  to  stand  four  days, 
green  crystals  formed  and  further  used  for  X-rav  crystal  structure  determination.  The 
crystals  decompose  when  exposed  in  the  air  and  lose  three  moles  of  water  for  each  mole 
of  iron  complex.  Anal.  Calc,  for  [Fel"(DPA)(H!0)j][Fe'"(DPA)J|  .3H20 
(C2iH2|N3Fe20u):  C,  35.27;  H,  2.%;  N,  5.88.  Found;  C,  35.23;  H,  2.84;  N,  5.82,  Mass- 
FAB;  m/c:  367, 331, 314, 275,239. 

Preparation  of  Fe;"l(DPAb(0;).3H;0 

An  appropriate  amount  of  Fera(DPA)(OH)(H!0)o  s complex  (~0.5g)  was  dissolved  in 
ethanol  solution  at  0°C.  Excess  amounts  H;0;  (50%)  were  slowly  added.  The  solution 


separated  and  dried  in  vacuum  oven  at  room  temperature  for  5 hours  (yield  30%). 
Elemental  analysis  data  for  Fe!l"(DPA)2(0!).3Hj0  (Fe2Ct4Ht2N20i3).  Found  (%):  C, 
31.74;  H,  2.44;  N,  5.24.  Calculated  (%):  C,  31.85;  H,  2.29;  N,  5.31. 

Isolation  of  Fe"'(DPAl(DPAH)(Pv) 

An  appropriate  amount  of  Fcnl(DPA)(OH)  catalyst  (~0.5g)  was  added  to  a mixed 
solution  containing  5 mL  pyridine,  2 mL  acetic  acid  and  0.5  mL  cyclohcxcne.  Hydrogen 
peroxide  (-0.1  mL  35%  H2O2)  was  slowly  add  to  the  reaction  and  reactions  were  run  at 


25  °C.  A pale  green 


52 

miration  and  further  washed  with  CHjCN  and  dried  in  vacuum  oven  al  70  °C  for 
overnight  (yield  65%).  Elemental  analysis  data  for  Fe"'(DPA)(DPAH)(Py) 
(Fe.CuHizNjO,).  Found  (%):  C,  48.60:  H,  2.55;  N,  8.85.  Calculated  (%):  C,  48.95;  H, 
2.59;  N.  9.01.  MS-ESI:  MW  = 388  for  [FeIIl(DPAXDPAH;)]*. 

Preparation  of  Fe(lll)-DPA  Complexes  with  Various  ligands 

The  compounds,  Fe“'(DPA)(DPAH),  Fe"'(DPAXCl).  Fe'"(DPA)(p-  OH), 
Fe"'(DPA)(Phen)CI,  Fe'"(DPAXAcAc),  were  made  by  literature  methods.52 
Preparation  of  Fe"VDPAX0HXH,0hi  s 

The  complex  Feln(DPA)(OH)(H20)o  j was  synthesized  as  follows:  DP  AH;  was 
neutralized  by  two  equivalent  of  triethylamine  in  acetonitrile  solution.  After  adding 
FefClOajj,  a pale  green  precipitation  was  generated.  The  solid  product  was  fttrthcr 
washed  with  CH3CN  and  dried  in  vacuum  oven  at  70  °C  for  overnight  (yield  70%). 
Elemental  analysis  data  for  Fe'"(DPA)(OHXHjO)0  5 (C7H5N1O5  sFei):  C 34.04,  H 2.04,  N 
5.67%;  found;  C 34.00,  H 2.22,  N 5.55%. 

General  Procedure  for  the  Oxidation  of  Hydrocarbons  by  Hydrogen  Peroxide 

The  appropriate  amount  of  catalyst  was  added  to  a mixed  solution  containing  5 mL 
pyridine,  2 mL  acetic  acid  and  hydrocarbon.  Hydrogen  peroxide  was  slowly  add  to  the 
reaction,  and  reactions  were  run  at  25  °C.  Reactant  consumption  and  reaction  products 
were  monitored  and  quantified  by  GC.  The  moles  of  each  of  the  reactants  and  the  known 


Determination  of  the  crystal  structure  of  Fe'"(DPAWH1Otl||Fc"VDPA>.]  .611,0 


X-ray  crystallography  work  was  done  by  Dr.  K.  A.  Abboud  at  the  Department  of 
Chemistry.  University  of  Florida.  The  main  parameters  for  the  structure  determination  ore 
listed  below  (Table  3.2). 


Table  3.2.  Main  parameters  for  Fe"'(DPA)(HjO)i]  [Fe'"(DPA)2]  .6HjO. 

Siemens  P3/PC  diffractometer  4326  reflections  with  I > 2 <r  (I) 


Absorption  correction:  by  integration 
based  on  measured  crystal  faces53 
Tmin  “ 0.638,  Tm,,  = 0.783 
5714  measured  reflections 
R[FI 2  > 2 o(  F")]  =0.035 
WRfF2)  = 0.097 


I = -19-19. 4 standard  reflections  every 
100  reflections  intensity  decay:  < 1% 
5323  independent  reflections 
(A/oW  = 0.001 

Apmu  = 0.568  e A'3.  Ap,™  = -0.566  c A'3 


Results  and  Discussion 


The  crystal  data  are  listed  in  Table  3.3  and  the  selected  bond  lengths  arc  shown  in 
Table  3.4. 


Table  3.3.  The  crystal  data  for  [Fe(C,HjN,04)(H20)j]  [Fe(C,H3N|01)2].6H20. 


I = 8.582  (2k  b = 1 1.313  (2),c=  16.251  (3)A 

a = 74.75  (3k  P = 87.29  (3k  7= 83.16  (3/ 

Prism,  0.57  x 0.43  x 0.27  mm.  Green 
D,-  1.690  Mg  m° 


Mo  K«  radiation. ).  = 0.71073  A 


= 1511.2(5)  A’.  Z = 
T=293(2)K 


Tabic  3.4.  Selected  bond  lengths  (A). 


Fcl-016  2.004(2) 

Fcl-07A  2.008(2) 


Fe2-08A  2.025(2) 
Fc2-08’  2.028  (2) 
Fe2-OI4A  2.023(2) 
Fe2-014C  2.023(2) 


The  reaction  of  iron  with  dipicolinic  acid  (2,6-pyridinedicarboxylic  acid)  is  much 
more  complicated  than  expected,  particularly  in  the  solid  state.  Several  crystal  structures 
of  iron(UI)  and  iron(ll)  complexes  with  DP  AH;  and  its  derivatives  have  been  reported  in 
which  mononuclear,  binuclcar  and  polynuclear  structures  are  formed.  The  ligand  to  iron 
ratio  can  be  one  or  two,  six  and  seven  coordinate  iron  complexes  result.53' 51  Interest  in 
this  area  stems  from  the  biological  activity  of  dipicolinic  acid  for  enhancing  production  of 
spore  photoproducts  in  bacterial  spores  upon  UV  irradiation.55  the  usefulness  of 
dipicolinic  acid  in  analytical  chemistry  for  the  determination  of  iron,56  and  the  catalytic 
activity  of  iron-dipicolinate  complexes  for  the  activation  of  dioxygen  and  hydrogen 
peroxide.50  We  synthesized  and  determined  the  crystal  structure  of  complex,  (I). 


The  asymmetric  unit  consists  of  on  [FetCrHjNiOsXHrOJs]’  cation,  an 
IFcICjHjNiOt);]'  anion,  and  sis  water  molecules  of  crystallization.  Each  of  the  Fe  atoms 
has  an  octahedral  coordination  geometry',  which  is  distorted  due  to  the  structural 
requirements  of  the  tridentate  dipicolinale  ligands.  The  two  ligands  in  the  complex  anion 
are  Irons-meridional  with  respect  to  each  other  and  have  a dihedral  angle  of  93.74  (6)°. 

All  three  ligands  arc  nearly  individually  planar,  with  the  largest  deviations  observed  in  the 
positions  of  the  carboxylic  O atoms.  These  deviations  can  be  described  by  a slight 
rotation  of  each  carboxylale  group  from  its  respective  ligand,  with  angles  ranging  from 
1.1  (3)°  for  the  C 1 group  to  3.9  (4)°  for  the  C7  group.  The  Fe-0  bonds  are  comparable  in 
both  ions  [distances  range  from  2.008  (2)  to  2.028  (2)  A]  and  are  equivalent  to  Fe™-0 
bonds  in  other  Fe'"(DPA)  complexes.51  w However,  they  are  short  than  their  counterparts 
in  Fc“(DPA)  complexes.  Observed  Fe”-0  distances  are  in  the  range  of  2.137  (6)  to  2.213 
(6)  A.52®'1’  On  the  other  hand,  the  Fe-N  bonds  are  equal  in  both  ions  [2.059  (2)  A in  the 
cation  and  2.054  (2)  A for  each  bond  in  the  anion],  and  they  arc  equivalent  to  Fe-0  and 
Fell-N  bond  lengths  in  similar  complexes.  The  shorting  of  the  Fe-0  distance  with  the 
Fe-N  distance  remaining  unchanged  cannot  be  explained  by  the  smaller  ionic  radius  of 
Fe111  compared  with  Fe11,  for  this  would  lead  to  shortening  of  both  Fc,H-0  and  Fem-N 
bonds.  A search  of  the  April  1997  release  of  the  Cambridge  Structural  Database  revealed 
that  Fe11  and  FeIH  have  bonds  to  pyridinium  N atoms  in  the  wide  range  of  1 .90  to  2.75  A. 


Figure  3.4:  Crystal  structure  of  [Fe(C,HjN|O,0(H2O)J]  [Fc(C,HjNi04)2|.6H20. 


hydrogen  bonding.  Although  the  H atoms  of  the  disordered  023  and  023'  partial  water 
molecules  were  not  found,  these  molecules  are  also  involved  in  hydrogen  bonding. 
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Mixed  Ligand  Fcfllll  Complexes  for  the  Oxidation  of  Hydrocarbons  in  Gif  System 
When  we  run  a Gif  type  of  reaction  using  Fe"'(DPA)(OH)  as  catalyst,  precipitation 
was  found  in  the  reaction  system  after  several  hours.  One  iron  complex  can  be  carefully 
isolated  and  the  results  from  clement  analysis  and  MS-ESf  indicates  the  precipitation  is 
Fe'“(DPAXDPAH)(Py).  It  is  reasonable  to  suggest  that  the  catalyst  deactivated  by  the 
formation  of  precipitation  because  the  oxidation  reaction  stops  a tier  4*6  hours  even  with 
significant  amounts  of  hydrocarbon  and  hydrogen  peroxide  left  in  the  reaction  system. 


Fe'“(DPAXOH)  ==  [Fel"(DPA)2]'  = Fe'nDPA(«-OH) 


Figure  3.5:  Multiple  equilibria  in  the  Fe111  -DP A2*  system. 

Dipicolinalc  (DP A2*)  is  a very  labile  ligand  when  coordinated  to  Fe  . As  shown  in 
Figure  3.5,  multiple  equilibria  can  be  expected.  Different  kinds  of  Fe u complexes  can  be 
formed  even  by  slightly  changing  the  system  conditions  such  as  pH,  solvent,  the  ratio  of 
FcHI  to  DP  A2',  other  potential  ligand  existing  in  the  solution,  etc.  The  concentration  of  the 


Fcln(DPAXPhen)CI 


[Fera(DPA)]+  [Fem(DPA)2]  V 


Fenl(DPA)CI 


i species  will  decrease  or  even  be  depleted  during  the  reaction  process. 


Stabilizing  the  catalyst  may  increase  the  lifetime  and  reactivity  of  the  iron  catalyst, 
several  mixed-ligand  iron  complexes  were  synthesized  and  one  of  them  we  determined 
the  crystal  structure. 

Table  3.5  summarized  all  the  results  of  cyclohcxcnc  oxidation  by  different  iron 
compounds  (Equation  3.2),  which  we  isolated  or  generated  in  situ.  The  reaction 
conditions  arc  the  same  as  reported  in  the  literature  in  order  to  allow  a comparison.  The 
data  in  the  entry  I is  the  best  result  in  the  literature. Comparing  with  the  data  from 
entry  2 to  entry  I,  there  is  no  reactivity  difference  when  we  using  Fe1 1 instead  of  Fe 1 with 
the  same  ligand.  This  also  shows  the  catalytic  cycle  is  independent  of  the  initial  oxidation 


Fera(DPA)(Phen)CI04  complex  is  the  most  efficient  catalyst  with  44%  of  HjOs 
utilized  for  cyclohcxcnc  transformation  in  4 hours.  Again,  comparing  with  the  best  result 
listed  in  the  entry  1 that  has  26%  efficiency,  our  catalyst  is  at  least  70%  more  active  than 
the  previous  one.  One  more  interesting  result  is  that  the  two  complexes  listed  in  entry  4 
and  entry  5 have  same  chemical  composition  but  may  have  different  structures.  The 
hydroxyl-bridged  complex  Fe  (DPA)(ji-  OH)  has  less  reactivity.  The  structure  difference 
has  great  influence  on  the  reactivity.  All  of  the  reactions  listed  in  Table  3.5  show  the 
typical  Gif  type  of  chemistry,  where  ketone  is  formed  as  a major  product.  No 
2-cyclohexen-l-ol  and  cyclohexene  oxide  are  detected  within  GC  detection  limit. 


Tabic  3.5.  Oxidation  of  cyclohexene  by  iron  complexes." 


Entry 

Catalyst  (mM) 

-One  (mM) 

Time  (hr) 

H202  Eff.(%) 

1 

(Fe“(DPA)i]'‘ ° 

13 

4-6 

26 

2 

Fe‘“(DPA)(DPAH) 

14 

4 

28 

3 

Fe,u(DPA)(CI) 

11 

4 

22 

4 

Fe“(DPA)(OH) 

12.4 

4 

25 

5 

Fe'"(DPA)(|i-  OH) 

9 

4 

18 

6 

Fe2'“(DPA))(H!0)j 

5.6 

4 

11.2 

7 

Fcul(DPA)(Phen)CIO./ 

22 

4 

44 

8 

Fe"'(DPA)(Phen)CI 

19 

4 

38 

9 

Fc"'(DPAKDIP)C10J  c 

19 

4 

38 

10 

Fc'"(DPA)(DMP)CI  * 

6.4 

4 

12.8 

11 

Fe"'(DPA)(AcAc) 

14 

4 

28 

12 

Fe'“(TPy)(AcAc)‘ 

5 

4 

10 

" The  reaction  consisted  as  following:  5 mM  catalyst,  I M cyclohexene.  100  mM 
H2O1, 5 mL  pyridine,  2 mL  acetic  acid.  Reactions  were  run  at  25  °C. 
b Data  was  got  from  reference. 
c Complexes  generated  in  silu. 

d DIP  = 4,7-diphenyl- 1 ,10-phcnnnlhroline;  DMP  = 2,9-dimethyl-l  ,10- 
phenanthrolinc;  AcAc  = 2,4-pentancdione;  Tpy  = 2, 2/6,2' '-  terpyridinc. 


Different  kinds  of  hydrocarbons  can  be  oxidized  by  using  Fe(DPA)(Phen)(Cl)  as 
catalyst  (Table  3.6).  Ethylbenzene  is  the  most  reactive  hydrocarbon  and  we  observed 
82%  ICO:  efficiency  and  16  turnovers  in  4 hours.  Adamantane  has  12  equivalent  of 
secondary  C-H  and  4 equivalent  of  tcitiaiy  C-H.  If  all  positions  have  same  reactivity 


towards  the  oxidation,  the  C2/C3  ration  for  the  oxidation  products  should  be  equal  to  3.  If 
there  is  a radical  reaction,  which  is  preferentially  goes  to  tertiary  carbon,  the  C2/C3  ratio 
is  about  0.05-0, 1 5.44"  The  C2/C3  ratio  we  found  for  oxidation  of  adamantanc  is  2.S, 
which  suggests  a non-radical  mechanism. 


Table  3.6.  Activation  of  H2O2  by  Fera(DPA)(Phen)Cl  for  the  oxygenation  of 
hydrocarbons." 


Substrate  H202Eff.(%) 
Cyclohexene  38 

Cyclohexane  68 

Pentane  38 

PhCH2CH3  82 

PhCH3  34 


Adamantane  36 


Products 

cyclohexcnone 

cyclohexanone 

2- pentanone71%, 

3- pcntnnone  29% 
PhC(0)CHj  97%, 

PhCH(OH)CH3  3% 
PhCH(0)  45%, 
PhCH2(OH)  36%, 
p-(HO)PhCH3  19% 
2-adamantanonc  74%, 
1-adamantanol  26%, 
trace  2-adamantanol 


TON 

8 


16 


"The  reactions  consisted  as  following:  5 mM  catalyst,  1 M cyclohexane.  100  mM  H202, 
5 mL  pyridine,  2 mL  acetic  acid.  Reactions  were  run  at  25  °C  for  4 hours. 


We  ran  several  experiments  in  order  to  gain  a doeper  understanding  of  the  mechanism 
of  the  reaction.  The  results  are  listed  in  Table  3.7.  The  cyclohexanol  oxidation  reaction 
indicates  the  formation  of  cyclohexanone  does  not  go  through  cyclohexanol  as 
intermediate.  There  is  not  a large  isotope  effect  because  the  reaction  rate  for  the 
oxidation  of  dt2-cyclohexane  is  almost  equal  to  that  of  normal  cyclohexane.  Adding 


radical  inhibitor,  BQ  (benzoquinone),  and  radical  initiator,  AIBN 
(2,2‘-  azobisisobutyronitrile).  did  not  affect  the  reaction  rate,  which  supports  a non- 
radical mechanism. 

Table  3.7.  Study  on  the  mechanism  of  the  oxidation  reaction* 

Substrates  I l-O-  F.ff(%)  Products  TON 


Cyclohexene  + BQ(5mM)  20  cyclohexcnone  4 

Cyclohcxcnc  + AIBN  (SmM)  22  cyelohexcnonc  4 

* The  reaction  consisted  as  following:  0.5  mM  Fe'“(DPA){Phcn)CI,  IM  substrate, 

1 00  mM  H2O2, 5 mL  pyridine,  2 mL  acetic  acid.  Reactions  were  run  at  25  °C  for  I 
hour.  BQ  = 1 ,4-Benzoquinone.  AIBN  = 2.2'- Azobisisobutyronitrile. 

Isolation  of  the  Active  Intermediate  in  fiif  System 

Recently,  a p-peroxo-dimer  was  found  to  be  an  intermediate  in  the  catalytic  cycle  of 
MMO  oxidations.”  After  adding  H2O2  in  the  solution  when  we  use  Fe'"(DPA)(OH)  as 
catalyst,  the  solution  changes  color  from  pale  green  to  red.  Our  speculation  is  that  it  may 
form  some  kind  of  intermediate.  Isolation  this  intermediate  may  lead  to  belter 
understanding  the  mechanism  of  Gif  chemistry.  In  the  literature,  the  formation  of 
iron-peroxo  intermediate  in  the  Gif  system  was  suggested  but  has  not  been  isolated.’01  ” 
Based  on  our  experimental  results,  one  example  of  the  proposed  Fclll-p-peroxo-dimcr, 
Fe2  u(DPA>2  (02)3H20,  can  been  successfully  isolated  as  depicted  in  Figure  3.6. 
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< Talc  green  > ( Red) 

Figure  3.6:  Isolation  of  the  Felll-p-peroxo-dimer. 


Comparing  with  the  original  IR  spectra  for  Fell,(DPAMOH).  the  p-peroxo-dimer 
shows  a new  band  at  870  cm,  which  is  in  the  normal  0-0  stretching  region 
(790-930  cm*1)/9  The  new  p-peroxo-dimer  compound  is  relatively  stable  in  die  solid  state 
hut  unstable  in  the  liquid  state.  Attempts  to  grow  X-ray  quality  ciystals  were 
unsuccessful. 

The  evidence  form  the  NMR  spectra  also  support  the  formation  of  the  iron  (111)  p- 
peroxo-dimer.  Because  the  electron  spin  moment  is  so  targe  for  paramagnetic  complex,  a 
broad  NMR  spectrum  will  be  observed  and  all  the  peaks  are  shifted.  That  is  exactly  what 
we  found  on  the  'll  NMR  spectrum  of  Felu(DPA)(OH).  When  two  ironflll)  ions  arc 
bridged  by  0-0  group  and  form  the  p-peroxo-dimer,  the  antiferromagnetic  coupling 
between  the  two  ironflll)  greatly  reduce  the  paramagnetism  of  the  iron  complex.  All 
NMR  peaks  are  much  sharper  (Figure  3.7). 
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(b) 


;3.7:  'HNMR  spectra  of  FeIH(DPA)(OH)  (a 


"(DPA)2  (OiloH’O  (b). 


By  using  the  isolated  compound  we  can  oxidize  cyclohexane  to  cyclohexanone  in  the 
same  reaction  conditions  we  used  before  (Figure  3.8).  The  instability  of  the  intermediate 
in  the  solution  may  cause  the  low  efficiency  of  the  reaction  (-1 5%). 


o 


+ Fc2lll(DPA)(02)3H20  ( 12.4  mM ) 


2Pyridinc  / HOAc 


RT,  2 Hour 


cr 


( 0.94  mM ) 


( 15%  Efficiency) 


Figure  3.8:  Oxidation  of  cyclohexane  using  Fe2'"(DPA)2  (02)  .3HjO. 


Several  mixed  ligand  iron  (III)  complexes  were  synthesized.  The  crystal  structure  of 
[Fc(C,HjNi04XH!0)j]  [Fc(C,HjNi04)2].6H30  was  determined.  [Fem  (DPA)(Phen)CIOj] 
complex  is  the  most  efficient  catalyst  and  is  at  least  70%  more  active  titan  the  previous 
best  catalyst  [FeMDPA)’]  in  the  literature.  Several  experiments  indicate  that  the  reaction 
is  occurring  via  a non-radical  mechanism.  An  iron  (lII)-pcroxo  reactive  intermediate  was 
successfully  isolated.  This  complex  reacted  with  cyclohexane  to  give  solely 
cyclohexanone  with  15%  efficiency  in  two  hours. 


CHAPTER  4 

ENANTIOSELECTIVE  EPOXIDATION  CATALYZED  BY  MANGANESE  SCHIFF 
BASE  COMPLEXES 

Inlroduclion 

Epoxidalion,  which  is  the  addition  of  a single  oxygen  atom  to  a carbon-carbon 
double  bond,  is  an  important  reaction  in  the  field  of  organic  synthesis.  Epoxides  are 
useful  intermediates  that  can  be  converted  to  a variety  of  organic  compounds.60  In 
particular,  chiral  epoxides  have  the  potential  to  serve  as  building  blocks  in  the  synthesis 
of  natural  products,  and  enantioselcctive  epoxidalion  of  simple  olefins  represents  a 
challenging  synthetic  problem.  The  increasing  demand  for  enantiomerically  pure 
pharmaceutical  compounds6'  has  fueled  the  search  for  asymmetric  epoxidation  catalysts 
that  can  introduce  one  or  two  new  stcreocenters  upon  reaction  with  an  olefin  of 
appropriate  symmetry.  Several  studies  of  reactions  with  exogenous  olefins  have  shown 
that  P-430  enzymes  can  perform  asymmetric  epoxidation  with  high  enantioselcctivities. 
Although  nature  has  provided  on  obvious  impetus  for  the  creation  of  effective  biomimctic 
metalloporphyrin  catalysts,  the  vital  chemical  importance  of  enantioselective  epoxidation 
has  driven  the  exploration  of  more  non-biological  systems. 

In  1965,  British  chemist  H.  B.  Henbest  first  reported  an  asymmetric  epoxidation 
process.62  The  asymmetric  agent  used  was  a chiral  peracid.  A brief  glance  at  the 
mechanism  for  these  epoxidations  (Figure  4.1)  reveals  that  it  was  a less  efficient  system 
for  realizing  asymmetric  induction  in  the  oxygen  transfer  step.  The  line  of  approach  of  the 
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si  (Figure  4.2). 


The  structures  of  several  catalylically  active  titanium-tartrate  complexes  have 
been  determined  by  X-ray  crystallographic  methods/’5  These  results  revealed  that  the 
titanium-tartrate  complexes  are  at  least  dimeric.  Based  on  this  information,  nUempts  have 
been  made  to  explain  the  mechanism  of  these  asymmetric  epoxidalions  from  both  an 
experimental653  and  a theoretical66  point  of  view.  It  has  been  suggested  that  the  axial  and 
equatorial  ligands  undergo  an  exchange  with  a bidentate  coordinated  peroxide  and  that 
the  axially  coordinated  carbonyl  is  released  from  the  titanium  center  and  substituted  by 
the  allylic  alcohol.  A model  in  which  the  peroxide  bond  is  nearly  perpendicular  to  the 
equatorial  plane  appears  to  be  the  least  sterically  hinded,  which  results  in  a linear 
alignment  of  allylic  alkoxide  and  peroxide  oxygen  atoms  and  a roughly  octahedral 
titanium  coordination  geometry  as  shown  in  Figure  4.3. 


A theoretical  approach  to  the  mechanism  for  the  Sharplcss  asymmetric 
epoxidation  shows  that  when  the  orientation  of  the  allylic  alcohol  around  the  peroxygens 
is  varied,  no  electronic  origin  for  the  high  cnantioselcctivily  is  found.60  The  steric  effects 
associated  with  the  three-dimensional  chiral  nature  of  the  catalyst  are  largely  responsible 
for  the  transfer  of  the  oxygen  to  a specific  cnantiofacc  of  the  allylic  alcohol.  An  extended 
Hilckel  investigation  of  the  electronic  structure  of  the  titanium-tartrate  catalysis  showed 
that  the  coordination  of  one  tartrate  carbonyl  moiety  to  the  axial  position  of  the  titanium 
atom  leads  to  a preference  of  the  other  tartrate  group  to  coordinate  tram  to  the  titanium- 
coordinated  carbonyl  group,  leaving  two  vacant  sites  for  bidentatc  coordination  of  the 
peroxide.660 

The  Sharpless  asymmetric  epoxidation  catalyst  has  already  shown  its  efficiency  in 
the  synthesis  of  natural  products,67  However,  these  epoxidations  are  limited  to  that  of 
functionalized  olefins  630  The  new  challenge  is  to  develop  a system  that  will  have  high 
enantiosclcctivmes  via  nonbonding  interactions.  The  development  of  chirally  modified 

transition  metal-catalyzed  entry  to  optically  active  epoxides.  Asymmetric  epoxidation  of 
prochiral  olefins  with  ee  of  up  to  72%,  such  as  (1-methyl  styrene,  was  achieved  by  using 


chiral  melalloporphyrins  as  catalysts.  The  inherent  sensitivity  of  the  porphyrins  to 
oxidation  can  be  reduced  by  skillful  substitution  of  the  mcso  phenyl  groups,  making 
higher  turnover  numbers  in  catalytic  processes  possible. 

Recently,  an  important  catalytic  system  that  utilized  chiral  manganese  salen 
complexes  with  good  cnantiosclcctivity  in  the  epoxidation  of  nontunclionalized  olefins 
was  discovered  by  Jacobsen  and  Katsuki  independently.*”  Salens,  like  porphyrins,  usually 
bind  transition  metals  with  a square-planar  configuration.  Kochi  and  coworkers  showed 
that  achiral  Mn(IIi)salcn  complexes  catalyze  the  epoxidation  of  olefins  in  the  presence  of 
a stoichiometric  oxidant.70  As  in  metalloporphyrin  systems,  the  reactive  species  in 
metallosalen  oxidations  is  probably  a high-valent  mctal-oxo  complex.  Asymmetric 
metallo-saien  catalysts  offer  an  advantage  over  chiral  porphyrin  systems  because  the  salen 
ligand  has  two  chiral  sp3-hybridizcd  carbon  atoms  at  its  periphery  (Figure  4.4).  Because 
these  chiral  carbon  atoms  are  just  two  bond  lengths  away  from  the  metal,  their  proximity 
to  the  reactive  site  allows  a high  degree  of  stereoselectivity. 


Figure  4.4:  One  example  of  a Jacobsen-Katsuki  catalyst. 
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Since  the  first  report  of  asymmetric  catalysis  with  chiral  Mn(IM)salen  complexes 
by  Jacobsen  and  co-workers,71  more  than  1 20  chiral  Mn(lll)sa!cn  derivatives  have  been 
studied  as  catalysts  for  the  epoxidalion  of  a variety  of  unfunctionalized  olefins  with 
mdosylarcnes.  sodium  hypochlorite,  or  dioxygen  as  the  oxidant.  The  majority  of  these 
systems  are  derived  from  chiral  1. 2-diamino- 1, 2 -diphenylethane  or  chiral  rrrms-1,2- 
diammocyclohexane.  Greater  than  90%  ee  can  be  obtained  in  the  epoxidation  of  various 
c/s-disubstituted  olefins.  Facile  and  relatively  inexpensive  ligand  syntheses,  coupled  with 
high  cnanlioselectivities  and  the  ability  to  use  a cheap  stoichimelric  oxidant,  make  these 
the  best  practical  catalysts  currently  available  forepoxidizmg  unlunclionahzcd  olefins. 
Merck  currently  synthesizes  antihypertensive  chromanol  derivatives  with  one  of  the 
Jacobsen-Katsuki  catalysts  and  hypochlorite.6"’ 

A modified  Jacobsen-Katsuki  catalytic  system  was  developed  by  using  an  achiral 
mangancsc(lli)salcn  complex  with  a chiral  amine.  These  results  support  the  proposal  that 
the  a non-planar  and  chiral  structure  of  the  salen  ligand  plays  an  important  role  in  the 
enantiofacc  selection  of  olefins  by  mangancsc(lll)salcn  complex.72  Generally,  H2O2  is  not 
a good  oxidant  with  Jacobsen-Katsuki  catalysts  because  it  readily  goes  through  a 
homoiytic  cleavage  of  its  week  0-0  bond  to  form  radicals.  However,  using  a Jacobsen- 
Katsuki  catalyst  together  with  a carboxylate  salt  as  a cocatalyst  in  the  presence  of  cither 
H2O2  or  anhydrous  urca-H-O-  gives  good  yields  of  epoxides  with  moderate  to  excellent 
enantioselcctivity.’3 

Shibasaki  el  ai  reported  the  general  and  practical  catalytic  enantioselective 
epoxidation  of  enones  (a.p-unsaturated  ketones)  in  the  presence  of  Ln-BINOL  derivative 
complexes  (Ln  = lanthanide,  BINOL  = l,l'-bi-2-naphthol)76  in  which  4A  molecular 
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sieves  were  added  to  the  reaction  system  to  remove  water  and  form  the  product  in  high 
yield.  The  catalytic  asymmetric  epoxidation  can  be  carried  out  at  room  temperature  using 
1 -8  mol%  of  a chiral  catalyst  to  give  epoxides  with  good  ee  (80-95%).  Later  it  was  found 
that  with  small  amounts  of  water  in  the  reaction  system  (5  equivalents  to  catalyst),  the 
enantioselective  epoxidation  of  enones  was  greatly  improved.75  The  addition  of 
triphcnylphosphine  oxide  also  significantly  enhanced  the  degree  of  asymmetric  induction 
in  the  chiral  La-BINOL-complex -catalyzed  epoxidation  of  enones  using  lert- 
butylhydroperoxide  (TBHP)  as  the  oxidant.  One  example  shows  the  observed  ee  increase 
from  73%  to  96%  ee  when  chalconc  was  used  as  the  substrate.  The  hypothesis  is  that 
ligation  by  PhjP=0  produces  a non-polymeric  catalyst  having  a monomeric  structure. 76 

TBHP,  Ln-BINOL 

MS  4 A,  THF.rt 


BINOL  deriv.  = 


Figure  4.5:  Representative  procedure  ofcatalyuc  enantioselective  epoxidation  of  enones 
promoted  by  Ln-BINOL  derivatives. 

Recently,  Shi  el  al.  reported  a highly  enantioselective  epoxidation  method  for 
substituted  olefins  using  a fructose-derived  ketone  1 as  the  catalyst  and  Oxone  as  the 
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oxidanl  (Figure  4.6).77  High  enanliosclectivics(>  95%  ce)  have  been  oblained  for  Irans- 
disubsiitulcd  and  trisubstituted  olefins,  which  can  have  functional  groups  such  as 
tributylsilyl  ether,  chloride,  and  ester.  The  enantiomeric  excesses  for  cis-olcfins  and 
terminal  olefins  arc  not  high. 


Although  great  progress  has  been  made  in  the  preparation  of  catalysts  for  the 
regioselective  and  cnantiosclcctive  epoxidation  of  unfunctionali/ed  olefins,  these 
catalysis  are  only  beginning  to  be  useful  synthetic  tools.  Elaborate  and  expensive  catalyst 
syntheses  as  well  as  low  turnover  numbers  (the  typical  turnover  numbers  for  Jacobsen- 
Katsuki  catalysts  are  below  40),  both  plague  each  of  the  systems  discussed  above  to 
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varying  degrees.  Also,  for  many  catalysis,  practical  oxidants  such  as  bleach,  hydrogen 
peroxide,  rerr-butylhydroperoxide,  or  dioxygen  fail  to  give  the  selectivity  or  number  of 
turnovers  achieved  with  expensive  oxidants  such  as  iodosylbcnzcnc  and  Oxone. 
Therefore,  searching  for  cheap,  useful,  viable  enantiosclcctive  epoxidation  catalysis  is 
still  a significant  challenge  for  chemists. 

Naturally  abundant  amino  acids  are  readily  available  chiral  sources  and  are 
potential  ligands  for  asymmetric  catalytic  reactions.  However,  no  systematic  work  of 
their  use  in  epoxidation  of  olelins  has  been  made  thus  far.  Our  work  is  based  on  the  use 
of  transition  metal  Schiff  base  complexes  that  induces  chirality  via  optically  pure  amino 
acids,  A series  of  chiral  Schiff  base  complexes  derived  from  amino  acids  have  been 
synthesized.  These  complexes  were  then  screened  in  a variety  of  epoxidation  reaction 
conditions  and  evaluated  for  their  ability  to  induce  enantioselcctive  epoxidations. 

Experimental 

Reagents  and  Equipment 

Unless  otherwise  stated,  all  reagents  were  obtained  from  commercial  sources  and 
used  without  further  purification.  All  solvents  were  distilled  and  stored  over  4A 
molecular  sieves  before  use.  Gas  chromatographic  analyses  on  volatile  products  and 
reactants  were  carried  out  by  using  a Hewlett  Packard  model  5890  gas  chromatograph 
equipped  with  Hewlett  Packard  50+  column  (crosslinkcd  50%  phenyl  methyl  - 30  m x 
0.53  mm  x 1 .0  pm  film  thickness),  helium  as  the  carrier  gas,  a flame  ionization  detector, 
and  a Hewlett  Packard  3396  Scries  11  integrator.  A cyclodextrin  B 30  m capillary  column 
(J  & W Scientific)  was  used  to  determine  the  ee  value  of  the  epoxide.  Substrates  and 


products  were  identified  via  comparisons  with  known  standards.  Calibration  curves  were 
used  to  relate  peak  areas  to  the  number  of  moles  of  products  and  reactants.  Column 
chromalorgraphy  and  flash  column  chromatorgraphy  were  performed  using  60A,  200*425 
mesh  silica  packed  in  glass  columns.  Infrared  spectroscopy  was  performed  on  a Nicolet 
5PC  equipped  with  I MW  He-Ne  laser  and  Nicolet  PCIR  software  (version  3.2).  'll  and 
"C  NMR  spectra  were  obtained  on  a Gemini-300  spectrometer.  Elemental  analyses  were 
performed  at  the  University  of  Florida. 

Preparation  of  Manganeseflll  Salicvlidene  il.-A.Al  i A.A  = Phenylalanine.  Tryptophan! 

These  compounds  were  made  by  a modified  literature  method.  Five  mmol  of 
L-amino  acid  was  refluxed  with  an  equal  amount  of  salicylaldehydc  in  50  mL  of  degassed 
3 : 1 ethanol  / water  under  a nitrogen  atmosphere  for  2 hours.  An  equal  number  of 
millimoles  of  Mn(Ac)y4H20  were  then  added.  Further  stirring  for  approximately  3-4 
hours  gave  a large  crop  of  yellow  product.  The  precipitate  was  then  washed  three  times 
with  small  quantities  of  above  solvent  and  dried  in  a vacuum  oven  at  60  °C  for  at  least  1 2 
hours.  A yellow  powder  was  obtained  as  flic  final  product.  Element  analyses:  Found  for 
Mn“  (Sal-L-Phe)  1.5HaO:  C,  57.97%;  H.  5.09%;  N,  3.87%.  Calculated:  C.  57.67%;  H. 
4.84%;  N.  4.20%.  Element  analyses:  Found  for  Mn"  (Sal-L-Tiy)  1 .5H20:  C,  55.46%;  H, 
4.04%;  N.  6.80%.  Calculated;  C,  55.65%;  H,  4.1 1%;  N,  7.21%. 

Preparation  of  Maneanesefini  Salicvlidene  L-  Histidine 

Five  mmol  of  L-histidine  were  refluxed  with  equal  amounts  ofsalicylaldehyde  in 
50  mL  of  degassed  ethanol  under  nitrogen  atmosphere  for  2 hours.  An  equal  number  of 
millimoles  of  Mn(Ac)v41LO  were  then  added.  Further  stirring  for  overnight  under  an  air 
atmosphere  gave  a dark  brown  solution.  The  solution  was  cooled  in  an  ice  bath  and  the 
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dark  brown  precipitate  was  filtered,  washed  three  times  with  small  quantities  of  cold 
absolute  ethanol,  and  dried  in  vacuum  at  60  °C  for  at  least  12  hours.  Element  analyses: 
Found  for  Mn‘“  (Sal-L-His)  (CHjCOO):  C,  41.47%;  H,  4.15%;  N,  1 1.1 1%.  Calculated:  C, 
41 .71%;  H,  3.75%;  N,  10.42%. 

PgfiaraXtqn_9£ManjtaQey_3.15^/e/2iButyl-Sa|icylide.ne  l.:Amino  Acid  ( amino  acid  “ 


Five  mmol  ofL- amino  acid  were  refluxed  with  equal  amounts  of  3.5-/er/-butyl- 
salicylaldehyde  in  50  mL  of  degassed  ethanol  under  nitrogen  atmosphere  for  2 hours.  An 
equal  number  of  millimoles  of  Mn(Ac)y4HjO  was  then  added.  After  refluxing  for 
approximately  3-4  hours,  the  solution  was  exposed  to  the  air  and  the  volume  of  solution 
was  reduced  to  10  mL.  100  mL  of  water  were  added  to  precipitate  the  brown  powder.  The 
precipitate  was  washed  three  times  with  small  quantities  of  above  solvent,  and  dried  in 
vacuum  at  60  °C  for  at  least  12  horns.  A brown  powder  was  obtained  as  the  final  product. 
Element  analyses:  Found  for  Mn(/-Bu-Sal-L-Tiy)  02:  C,  61.34%;  H,  5.42%;  N. 
5.49%.Calculated:  C.  61 .78%;  H,  5.98%;  N,  5.54%.  Found  for  Mn(r-Bu-Sal-L-His)  0>: 
C,  55.43%;  H,  5.98%;  N,  9.10%.  Calculated:  C,  55.27%;  H,  5.96%;  N.  9.21%. 


procedures  for  the  preparation  of  manganese  3,5-/er/-butyl-salicylidene  L-tryptophan. 
Element  analyses:  Found  for  Mn  (3,5-Br-Sal-L-Try)  0.5C2HSOH:  C,  42.52%;  H.  2.38%; 
N,  4.75%.  Calculated:  C.  42. 1 0%;  H,  2.79%;  N.  5. 1 7%.  Found  for  Mn  (4,6-OCHj-Sal-L- 


^B^Sqljcyjaldchyde^e- 


OCHj  - Salicylaldehyde,  5-Br-  Salicylaldehyde,  3-OH-Salicylaldchyde,  4,6.011 
Salicvlaldehvdel 


These  series  of  s 


: were  prepared  by  using  the  similar 


Try)  2H;0:  C,  50.38%;  H,  4.54%;  N,  6.65%.  Calculated:  C,  50.36%;  H,  4.23%;  N. 
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6.53%.  Found  for  Mn  (5-Br-Sal-L-Try)  0.5H2O:  C,  47.90%;  H,  3.39%;  N,  5.98%. 
Calculated;  C,  48. 1 3%;  H,  3. 1 4%;  N,  6.24%.  Found  for  Mn  (3-OH-Sal-L-Tiy)  1.5H20:C. 
53.41%;  H,  3.73%;  N,  6.66%.  Calculated;  C,  53.48%;  H,  4.24%;  N,  6.93%.  Found  for 
Mn  (4,6-OH-Sal-L-Try)  2H!0:  C.  50.38%;  H,  4.54%;  N,  6.65%.  Calculated:  C,  50.36%; 
H.  4.23%;  N,  6.53%. 

General  Procedure  for  Eooxidation  of  Styrene  with  Hydrogen  Peroxide 

The  appropriate  amounts  of  catalyst  were  added  to  a mixed  methanol  and  styrene 
solution.  35%  hydrogen  peroxide  was  added  during  0.5-1  hour  period.  Cyclohexone  (0. 1 
mL)  was  added  to  the  above  solution  as  an  internal  standard.  The  resulting  brown 
solution  was  stirred  at  0°C.  Reactant  consumption  and  reaction  products  were  monitored 
and  quantified  by  GC.  The  motes  of  each  of  the  reactants  and  the  known  products  were 
determined  using  calibration  curves  for  each  compound.  Reaction  time  was  varied 
between  1 6-24  hours.  The  reaction  products  were  separated  by  flash  chromatography 
(silica  gel.  hexanes  / diethyl  ether  80:20.  v / v)  to  afford  a fraction  containing  styrene 
oxide.  Analysis  of  styrene  oxide:  'H  NMR  (CDCIj)  8 2.81  (dd,  Ji  =5.4Hz,  Ji  = 3.0Hz, 
1H).  8 3.15  (dd,  J,  =5.4Hz,  J,  = 1.5  Hz,  1H),  8 3.87  (dd,  J,  =4 2 Hz.  J,  -1.5Hz,  1H),  8 7.33 
(m,  5H). 

6.c9.crai-^.cg9.c.4.tfff-(9^c.(9!ip.'.|i9-faiftnti.9.ni.cp.9-Ey.c9§g.9.f-Epfi.8id.e.hy-1.H.NMR 

A sample  of  the  isolated  epoxide  (-0.1  mL)  was  placed  in  a NMR  tube  along  with 
tetramcihvlsiliane  (-0.1  mL.  and  dissolved  in  -41.5  mL  CDCIj).  An  initial  'll  NMR 
spectrum  was  taken  before  -0. 1 mL  aliquots  of  a CDCIj  solution  containing  tris-[3- 
(heptafluorpropylhydroxymcthylcnc)-(+)-camphorato]  europium(lll)  derivative. 

[Eu(hfc)j]  were  added  to  the  NMR  sample  tube.  The  ‘H  NMR  spectra  were  monitored  for 


the  shin  in  the  doublet  of  doublets  peak  at  8 3.15.  When  the  appropriate  amount  of  the 
Eu(hfc)j  solution  was  added,  the  peak  would  shin  downfield  and  be  split  into  a doublet  of 
triplets.  The  integration  of  these  two  triplet  peaks  was  used  to  calculate  the  ee  by  the 
following  (Equation  4. 1 ): 

(Integration  of  peak  1)  - (Integration  of  peak  2) 

ee=  x 100  (4.1) 

(Integration  of  peak  1 ) + (Integration  of  peak  2) 

Results  and  Discussion 

Preparation  of  Manganese^lii3jjd3|e-4n»inpj4c.id.  Complexes 

Lo'iJ  reported  two  step  syntheses  of  the  manganese-salicylidcne-amino  acid 
complexes.  Because  of  the  instability  of  the  Schiff  base,  it  is  difficult  to  get  pure  Schiff 
base  ligands  and  the  subsequent  manganese  complexes.  However,  a one-pot  synthesis, 
which  uses  inert  atmosphere  techniques  allowed  for  the  successful  isolation  and 
purification  of  these  complexes.  Using  3,5-rerr-butyl-salicylaIdehyde  as  a starting 
building  block  instead  ofsalicylaldehyde  leads  to  the  increased  solubility  of  the 
corresponding  manganese  complexes  in  the  organic  solvents.  By  reducing  the  volume  of 
the  solution  and  pouring  into  a large  amount  of  water  pure  complexes  were  easily 
obtained. 

It  is  interesting  that  these  types  of  complexes  bind  dioxygen.  Although  we  do  not 
have  direct  evidence  to  show  such  kind  of  oxygenation  compounds  exist,  fast  color 
change  from  yellow  to  brown  when  the  complexes  are  exposed  in  air,  and  IR  spectra 
absorption  at  approximately  793  cm  ' presumably  from  the  formation  of  Oa  strongly 


suggest  the  formation  of  manganese  oxygen  compounds.*0  He  prepared  a series  of 
manganese(ll)  complexes  of  Schiff  bases  derived  from  salicylaldehyde  and  amino  acids 
and  found  the  compounds  absorbed  oxygen  readily  in  many  different  organic  media.  The 
oxygenation  compounds  can  also  be  partially  deoxygenated. 7* 

Styrene  Eooxidation 

The  first  objective  was  to  find  suitable  reaction  conditions  to  effectively  carry  out 
the  epoxidation  reactions.  After  a good  system  for  our  catalysts  was  found, 
enantiosclcctive  studies  were  done.  Styrene  was  used  as  the  model  substrate  in  the 
epoxidation  reactions  since  it  has  one  prochiral  carbon  and  is  inexpensive.  The 
epoxidation  products  of  styrene  arc  also  easily  identified  and  separated  by  OC. 

In  the  initial  activity  screening  of  our  catalysts,  we  used  the  same  reaction 
conditions  that  Jacobsen  used  for  his  catalyst71  because  these  arc  mild  reaction  conditions 
and  commercially  available  bleach  is  used  as  oxidant. 

Table  4.1.  Catalytic  epoxidation  of  styrene  with  bleach," 

Catalyst  Temperature  (°C)  ee  (%)  Yield  (%) 

Jacobsen  catalyst  0 47.2  53.4 

Mn(sal-L-phe)  25  Trace 

"Reaction  conditions:  0.01  M catalyst;  1.54  M bleach;  1 M styrene;  ClijCl.  solvent. 
Jacobsen  catalyst:  (S,  S)-(+)-N,N’-bis  (3,5-di-lert-butylsalicylidene)-l,2-cyelohexanc- 
diamino-manganese  chloride. 


The  results  in  Table  4. 1 showed  our  catalyst  gives  poor  activity  for  the 
epoxidation  of  styrene.  The  catalyst  we  used  is  more  hydrophilic  than  Jacobsen  catalyst 
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due  (o  amino  acids  used  to  synthesize  the  ligand.  Mn(sal-L-phc)  has  fairly  good  solubility 
in  aqueous  bleach  solution  which  leads  to  less  contact  with  the  styrene  and  cosy  oxidative 
decomposition  of  the  complex.  We  also  repeated  the  Jacobsen  cpoxidalion  reaction.  The 
results  obtained  are  similar  to  those  reported  in  the  literature71  including  the  ee  value  and 
the  yield  of  styrene  oxide. 

Different  solvents  were  screened  in  order  to  find  suitable  reaction  conditions  to 
carry  out  the  epoxidation  reaction.  Tertiary  butylhydroperoxide  (TBHP),  a common 
oxidant  used  in  olefin  epoxidalions,  was  used  in  screening  reactions. 


Table  4.2.  Epoxidation  of  styrene  in  different  solvent  with  TBHP.“ 

Catalyst(M)  Solvent  TBHP(M)  StyrenefM)  Timefhr)  Yieldf-c) 


Mn(sal-L-his)(0.01M)  CHClj  2 

Mn(sal-L-try)(O.OOSM)  c-Hexanol  I 

Mn(sal-L-try)(0.005M)  Dioxanc  1 

Mn(sal-L-tty)(0.013M)  CH3OH  2.5 

Mn(sal-L-try)(0.0025M)  Acetone  5 


0.5 

0.5 


1.25 


24  2.7 


' Reactions  were  run  at  25°C  except  • which  was  run  at  0BC 

The  results  listed  in  Table  4.2  show  that  TBHP  is  not  a good  choice  of  oxidant  for 
the  cpoxidalion  ofalkencs  by  mangancsc-salicylidenc-omino  acid  catalysts.  Not  only  is 
the  yield  of  the  epoxide  relatively  low.  but  it  is  also  rather  unsclcctivc.  One  typical 
experiment  showed  when  5.22  mmol  styrene  oxide  was  formed,  7.31  mmol 
bcnzaldehyde.  1 .07  mmol  phcnylacetaldehyde,  5.64  mmol  acetophenone  as  well  as 


several  other  unidentified  products  were  also  observed.  Finding  a good  oxidant,  which 
gives  both  good  activity  and  good  selectivity  for  the  catalytic  cpoxidalion  reaction  is  our 
next  goal. 

The  results  listed  in  table  4.3  clearly  showed  using  hydrogen  peroxide  as  an 
oxidant  and  methanol  as  a solvent  provided  the  best  conditions  for  epoxidation  reactions. 
There  is  a significant  advantage  in  using  methanol  as  a solvent.  Both  hydrogen  peroxide 
and  styrene  can  be  dissolved  in  methanol  and  thus,  the  reaction  can  run  homogeneously. 
While  using  dioxygen  as  an  oxidant  is  always  the  ultimate  goal  in  epoxidation  chemistry, 
no  epoxide  was  detected  in  our  reaction  using  dioxygen  as  an  oxidant. 


Table  4.3.  Epoxidation  of  styrene  with  different  oxidant." 


Catalyst  (M)  Oxidant  (M) 

Mn(  sal-1. -try)(0. 013)  TBHP  (2.5) 

Mn(sal-L-try)(0.005)  Urea.H!Oi(l) 

Mn(sal-L-try)(0.005)  Na2C03l  ,5H.O;  ( I ) 
Mn(sal-L-try)(0.0l3)  HjOj(l) 
Mn(sai-L-his)(0.007)  Air  (50psi) 


Styrene  (M) 
U5 
0.5 
0.5 
0.5 
0.67 


Time  (hr) 

10 

20 

2 

1.5 


Yield  (%) 
1.3 

2.8 

17.3* 


" Reactions  were  run  at  25°C  except  • which  was  run  at  0°C.  Methanol  was  used  as 
solvent. 


A series  of  manganesc-(S,S)-L-tryptophan  (S.S  = 3.5-Br-  salicylaldehyde.  4,6- 
OCHs-salicylaldehyde,  5-Br-salicylaldehyde,  3-OH-salicylaldehyde,  4.6-OH- 
salicylaldehyde)  complexes  were  synthesized  and  their  catalytic  activities  were  tested  via 
epoxidation  of  styrene.  None  of  the  complexes  with  substituted  salicyladehyde  showed 
better  activity  than  the  corresponding  unsubstituted  complex  as  the  results  listed  in 
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Table  4.4.  Both  the  electronic  and  steric  effects  may  contribute  to  the  differences  in  the 
reactivity  of  the  catalysis. 

Table  4.4.  Epoxidation  of  styrene  with  different  manganese  N-substituled 
sahcvhdenc-I.-  try  ptophan  catalysts.9 

Catalyst  Epoxide,  (x  10JM) 

Mn(sal-L-try)  61 

Mn(S-Br-sal-L-try)  37 

Mn(4,6-OCHj-sal-L-lry)  17 

Mn(3,5-t-Bu-  sal-L-try)  5.6 

Mn(3,5-Br-sal-L-try)  0.6 

Mn(3-OH-sal-L-lry)  trace 

Mn(4,6-OH-sal-L-try)  1.2 

“Reaction  conditions:  3.1  x I0"1  mole  catalyst;  2.5  x 10*2  mole  styrene;  5 x 10‘2mole 
H2O2;  40  ml  CHjOH.  The  reaction  was  run  at  0°C. 

Assmmclnc  I pox  idalion 

Several  asymmetric  epoxidation  experiments  were  performed  with  Mn( sal-L-try) 
and  Mnfsal-L-his)  complexes  using  hydrogen  peroxide  as  oxidant  and  methanol  as 
solvent.  These  experiment  conditions  were  varied  from  run  to  run.  These  variables 
included  amount  of  hydrogen  peroxide,  amount  of  styrene,  reaction  temperature,  and 
reaction  time.  These  experiments  and  results  arc  summarized  in  Table  4.5. 

Unfortunately  all  the  reactions  described  in  Table  4.5  provided  low  ce  values. 
Jorgensen81  reported  4-5%  ec  of  styrene  oxide  can  be  reached  by  using  manganese(II)- 


salicylidene-L-phenylalanine  as  catalyst,  which  is  similar  to  the  rcsul(  we  oblained.  The 


only  difference  between  our  reaction  and  Jorgensen  s was  the  oxidant.  Jorgensen  used 
expensive  iodosylbenzene  while  we  are  using  much  cheaper  hydrogen  peroxide. 

Although  the  yield  of  epoxide  is  lower  when  using  hydrogen  peroxide,  the  ec  values  are 
nearly  the  same.  Running  the  reaction  at  lower  temperature  (-78°C)  did  not  improve  the 

Table  4.5.  Asymmetric  epoxidation  of  styrene  with  manganese  salicylidene  L-amino  acid 
catalysts. 

Cat.(M)  HjOj(M)  Styrene  (M)  Time  (hr)  Tcmp.(°C)  Yield  (%)  cc(%) 
Mn(sal-L-  L25  063  i 0 15  42 

tryX0.006) 

Mn(sal-L-  063  0.36  24  -78  32  3.4 

tryMO.025) 

Mn(sal-L-  0.67  0.33  8 0 27.7  2.3 

PteXO.Ol) 

It  has  been  reported  that  ntanganese-N-salicylidcne  amino  acid  complexes  are 
dimeric  structures.  ‘ The  structure  shows  the  coordination  of  manganese  to  the  phenolic 
oxygen,  the  imine  nitrogen,  and  the  carboxylate  oxygen,  which  bridges  two  metal  centers. 
The  dimer  has  C;  symmetry,  with  the  chiral  centers  situated  two  bond  lengths  away  from 
the  transition  metal  center.  Chiral  recognition  between  the  substrate  and  the  catalyst  is 
expected  to  be  effective  due  to  the  close  proximity  of  the  chiral  centers  to  the  active  metal 
site.  A lack  of  steric  bulk  around  the  metal  center  of  Mn(sal-L-aa)  catalyst  may 
contribute  to  the  low  enantioselectivity.  Several  approaches  to  the  mctal-oxo  arc 
possible,  as  indicated  by  arrows  A,  B,  and  C shown  in  Figure  4.7.  The  consequence  is  a 
decrease  in  asymmetric  induction  and  a drop  in  enantioselectivity.  The  only 


discrimination  is  shown  by  arrow  D,  in  which  the  R-group  hinders  the  approach  of  the 
substrate  to  the  metal  center. 


Figure  4.7:  Various  approaches  to  the  metal  center  by  the  substrate. 

Introducing  bulky  groups  onto  the  ligand  may  help  increase  cnantioselectivity  by 
reducing  the  number  of  pathways  where  substrates  can  approach  the  metal  center.  This 
can  be  accomplished  by  using  the  more  bulky  3,5-/er/-bulyl-salicylaldchyde  for  the 
synthesis  of  new  ligands.  The  results  listed  in  Table  4,6  show  that  the  ee  value  increased 
from  -3%  to  -'10%  by  using  these  new  catalysts.  The  best  result  was  obtained  by  adding 
base  to  the  reaction  system  in  order  to  neutralize  free  acid  in  the  solution,  which  may 
protonate  the  carboxylate  group  in  the  complex  and  further  decompose  the  catalyst. 
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Tabic  4.6.  Asymmetric  epoxidation  of  styrene  with  manganese  3,5-fer/-butyl-salicylidcne 
l.-amino  acid  catalysis. 


Catalyst  H;0;  Styrene  Time  Temp.  Yield  ee 

JM) SMJ CM) flu) (!9 1%) S%2_ 

Mn(f-Bu-sal-L-  0.5  0.25  8 0 27.4  11.5* * 

try)  Os  (0.006) 

Mn(z-Bu-sal-L-  1 0.5  1 -78  19  15** 

his)  O2  r-Bu-py 

2KOH  (0.125) 

* H’O?  was  added  over  three-hour  period. 

**  Reaction  stopped  in  one  hour. 


The  relatively  low  ee  value  (<  20%)  introduced  by  using  substituted  manganese 
salicylidene-L-amino  acid  complexes  leads  us  to  reconsider  the  model  structure  of  our 
catalyst.  When  the  oxidant  approaches  the  catalyst,  theoretically,  it  can  form  three  metal- 
oxo  isomers,  which  we  think  of  as  the  active  intermediates  for  enantiosclcctivc 
epoxidations.  The  structure  in  Figure  4.8a  is  expected  to  be  most  effective  for  inducing 
chiral  recognition.  The  R-groups  on  the  chiral  center  are  cis  to  both  oxo  groups,  and  this 
configuration  has  the  greatest  influence  on  the  orientation  of  incoming  substrate 
molecules.  The  substrate  must  interact  with  the  R-group  as  it  approaches  the  metal  center 
and  the  favored  orientation  leads  to  asymmetric  transfer  of  an  oxygen  atom.  Oxygen 
transfer  from  both  metal  oxo  groups  to  the  substrate  occurs  in  a chiral  environment,  and 
the  highest  possible  enantiosclecnvity  is  achieved. 

When  the  two  oxo  groups  are  Irons  to  each  other  (Figure  4.8b),  only  one  R-group 
is  able  to  interact  with  the  substrate.  The  environment  around  the  metal  center  has  a 


chiral  influence  for  the  R-group  that  is  cis  to  the  oxo  group.  This  R-group  interacts  with 
the  incoming  substrate  and  the  favored  orientation  leads  to  asymmetric  transfer  of  oxygen 


At  the  other  metal  center,  the  R-group  on  the  chiral  center  is  Irons  to  the  oxo  group 


and  exhibits  no  substrate  directing  influences.  Any  substrate  molecule  that  approaches 
this  metal  center  will  not  be  involved  in  asymmetric  oxygen  transfer. 


Figure  4.8:  Possible  orientations  of  the  oxo-group  of  the  catalyst. 


No  chiral  recognition  is  expected  for  the  isomer  in  which  the  oxo  groups  are  cis  to 
each  other  but  tram  to  the  R-groups  (Figure  4.8c).  Incoming  substrate  molecules  do  not 
interact  with  any  R-groups  since  both  R-groups  arc  on  the  opposite  side  of  the  molecule 
from  the  oxo  groups.  Enantiosclectivities  are  not  expected  with  this  isomer. 

The  inherent  problem  of  the  active  species  of  each  manganese  salicylidene-L- 
amino  acid  catalyst  forming  isomers  may  account  for  the  low  cnantiosclcctivity  observed. 
If  we  assume  an  equal  possibility  of  forming  each  metal  oxo  isomer  the  maximum  ee 
value  which  cun  be  reached  is  50%.  This  range  is  also  based  on  the  maximum  non- 
bonding interactions  between  catalyst  and  substrate. 

The  instability  of  the  dimer  structure  in  the  solution  may  also  contribute  to  the  low 
enantioselectivity.  In  the  monomer  structure,  the  fourth  equatorial  position  can  be  filled 
by  water  or  by  any  donor  molecule  in  solution.  The  dissociation  of  the  dimer  to  the 
monomer  of  the  manganese  salicylidcne  L-amino  ocid  catalyst  will  lead  to  more  open 
non-chiral  introducing  positions,  which  can  be  reached  by  substrate  as  shown  in 
Figure  4.9. 

Experimental  results  for  cnantioselectivc  epoxidation  of  olefins  by  mangancse- 
salicylidcne-omino  acid  complexes  have  indicated  that  the  structure  of  the  catalyst  may 
not  be  rigid  enough  to  suppress  the  excess  degree  of  freedom  in  the  transition  stale,  which 
leads  to  lack  of  control  the  stereochemistry*  of  the  product.  On  the  other  hand,  the 
successful  Sluirplcss  catalyst,  Jacobsen-tCalsuki  catalyst  and  chiral  metalloporphyrin 
catalyst,  which  contain  at  least  two  chiral  carbon  atoms  near  the  metal  center,  only  one 
chiral  center  is  introduced  in  our  catalyst  system.  Both  the  flexible  structure  and  the  less 
chiral  nature  of  the  catalyst  may  account  for  the  low  ec  value  we  obtained  in  our  system. 


Figure  4.9:  Dissociation  of  tile  dimer  structure. 


Conclusions 

A new  type  of  manganese  Schiffbose  complexes  derived  from  optically  pure 
amino  acids  was  successfully  synthesized  and  the  use  of  these  complexes  as 
enamiosclectivc  epoxidation  catalysts  investigated. 

Screening  various  epoxidation  reactions  indicated  using  the  environmental 
friendly  oxidant  hydrogen  peroxide  in  methanol  forms  the  most  effective  catalytic  system 
for  styrene  epoxidation  reactions. 

Enantioselective  styrene  epoxidations  using  unsubstituted  manganese  salicylidene 
L-amino  acid  complexes  Mn(sal-L-aa)  introduces  low  ee  values  of  around  3%. 
Substituting  bulky  group  onto  the  ligand  helps  increase  enantiosclectivity  to  1 5%  ee. 
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salicylidcnc-L-amino  acid  complexes  as  caialysls  forcoanliosclcclive  cpoxidalions  shows 
promise  by  utilizing  inexpensive  raw  materials  to  synthesize  these  catalytic  compounds. 


CHAPTERS 

OXIDATION  OF  MUSTARD  SIMULANTS  CATALYZED  BY  BICARBONATE 
SALTS 


The  safely  and  environmental  impact  of  the  destruction  of  chemical  warfare 
agents  (CWA)  are  of  great  concern  to  the  public.83  In  the  United  Stales,  thousands  of  tons 
of  chemical  warfare  agents  such  as  mustard  gas  and  Sarin  are  stockpiled  at  different 
storage  sites,84  The  conventional  way  of  destroying  chemical  warfare  agents  is  by 
incineration.  On  the  other  hand,  chemical  neutralization  is  also  being  considered.  At  least 
two  advantages  are  associated  with  chemical  neutralization  of  chemical  warfare  agents. 
First,  it  is  possible  to  convert  chemical  warfare  agents  to  useful  chemical  compounds. 
Second,  battlefield  decontamination  is  also  required  in  some  specific  cases,  while 
incineration  is  not  an  option  under  such  conditions. 

Figure  5.1  listed  some  common  chemical  warfare  agents.  HD,  also  called  as 
mustard  gas,  is  a blistering  agent  that  attacks  the  mucous  membranes  and  is  lethal  at  high 
doses.  VX,  GB  and  GD  are  called  “nerve"  agents,  which  can  stop  respiratory  and 
nervous  functions  and  can  kill  people  in  minutes.  The  reaction  chemistry  of  these  agents 
is  shared  by  a range  of  organic  compounds  such  as  sulfides,  alkyl  chlorides, 
organophosphorus  esters,  and  pesticides. 
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yCH2C 

\ 

V il  l 


Mustard  (HD) 
bis(2-chloroethyl)sufflde 


(CH3);CHO — P— F 
CHj 

Sarin  (GB) 

Propan-2-yl  methylphosphono  fluoridate 


O 

c,h5o— p— i 
CHj 


^CH(CH3)j 

Ni'iKCH,), 


VX:  S-2-(Dipropsn-2-ylsmino)cthyl 
O-ethyl  methylphosphonothioatc 


Tabun  (GA):  N,N-dimethyl- 
Phosphoromidocyanidatc 


(CH,|,CCH(CHj)-0— P— F 


Soman  (GD):  1 ,2,2.-trimethylpropvi 

methylphosphono-fluoridate 


Lewisite  (L):  DichloroI(E)-2- 
chloro  ethyl]  arsine 


A common  decontaminant  used  is  bleaching  powder,  which  basically  contains 


detoxified  in  bleach  solution.  Since  acid  is  produced  in  the  process  of  detoxification  of  G 


afVX,  particularly  i 
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the  nitrogen  while  the  sulfur  is  oxidized  rapidly  by  HCIO.  In  alkaline  bleach  solution,  the 
solubility  of  VX  is  significantly  decreased.  The  deprotonated  nitrogen  is  oxidized 
accompanied  by  the  evolution  of  ohlorinc  or  oxygen  gas  and  the  formation  of  sulfate  and 

VXin  alkaline  solution. 


CH2CHjCI  QC1- 

S 

CH2CH2C1 

Mustard  (HD) 


CH2CH2CI 

=Ss 

ch2ch2ci 


CL  CH2CH2CI 

+ 

CH2CH2C1 


ch=ch2 

S H 

CH=CH, 


Q.  ^,ch=ch2  /ch=ch2 
o'  xch2ch2ci  + <f  nch-ch2 


(OCr  behaved  as  a catalyst) 


O 

c2h5o— p— SC 

CHj 


^CHfCHjfe 

'nCH(CHj)2 


HCIO 


^CH(CH,)2 

,'CH(CH3)2 


nation  of  HD,  G agents  and 


5.2:  Decontamir 


IVXbyble 
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There  are  some  disadvamagcs  for  using  hypochlorite  as  a decontaminant.  Due  to 
the  instability  of  the  bleach  solution,  fresh  solution  must  be  prepared  prior  to  each  use. 
Bleach  is  not  a very  efficient  decontamination  agent,  excess  amounts  of  bleach  are 
required  for  the  oxidation  of  chemical  warfare  agents.  Bleach  is  corrosive  to  many 
surfaces  and  is  ineffective  in  cold  weather  operation. 

Another  common  decontaminant  is  called  DS2.  It  is  a general  purpose,  ready  to 
use,  reactive  decontaminant  with  long-term  storage  stability  and  a wide  operating 
temperature  range  (-26  to  52°C).  This  polar,  non-aqueous  liquid  is  composed,  by  weight, 
of  70%  diethylenetrioraine  (H2NCH2CH2NHCH2CH2NH2),  28%  ethylene  glycol 
monomelhyl  ether  (CHjOCHjCHiOH),  and  2%  sodium  hydroxide.  The  active  component 
in  DS2  was  found  to  be  CHj0CH2CH20  At  ambient  temperature,  this  base  reacts  with 
all  four  major  chemical  warfare  agents  (Figure  5.3).  While  DS2  is  a highly  efficient 
decontaminant  and  is  non-corrosive  to  most  metal  surfaces,  it  can  damage  paints  as  well 
as  plastics,  rubber,  and  leather  materials.  DS2  is  also  corrosive  to  skin.  Short  contact-time 
and  followed  by  a water  rinse  arc  required  for  the  use  of  DS2. 

There  are  some  other  reports  on  the  decontamination  of  chemical  warfare  agents, 
which  use  biodegradation,*9  catalytic  oxidation  reaction  with  transition  metal  catalyst.9*’ 

In  this  chapter,  the  chemistry  of  a new  CWA  decontamination  agent,  which  was 
first  reported  by  Drago  and  Frank,91  will  be  described.  This  system  is  based  on  the 
oxidant  peroxymonocarbonate  (HCO< "),  which  is  formed  by  the  reaction  of  hydrogen 
peroxide  with  bicarbonate  ion  (Equation  5.1). 

HCOj-  * H202  - HC<V  * H2O  ( 5. 1) 
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VX  C2Hs  SCjH^NfiCjH,); 
GB  iCjH,  ' F 

GD  (CH3)jCCH(CHj)  F 


'OMC  = OCH2CH2OCH3 


Figure  5.3:  Reactions  of  HD,  VX,  GB  and  GD  with  DS2. 


The  existence  of  the  pcoxymonocarbonates  has  been  reported  for  at  least  70 
years.  Those  indirect  evidences  have  been  derived  either  from  analytical  methods  or 
from  the  preparative  route  and  the  ability  to  give  off  oxygen.  Firsova  and  Jones94 
reported  the  synthesis  ofalkali-mctal  peroxymonocarbonates  (MHCO4).  Based  on  the 
evidence  from  vibrational  spectra  (1R,  Raman),  the  structure  of  pcroxymonocarbonate 
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was  suggested  to  contain  a C-0-0  linkage,  which  is  not  present  in  the  common  adduct  of 
alkali-metal  carbonate  with  hydrogen  peroxide  (M;C0j-nl  i-0:).  The  presence  of  a 
pcroxvmonocarbonate  species  in  solution  has  also  been  inferred  from  Raman  and 
l!C  NMR  spectroscopy.  Similar  evidence  was  also  presented  for  the  presence  of  COr2'  in 
solutions  prepared  by  dissolving  solid  pcroxymonocarbonatc  in  aqueous  solution.92  The 
crystal  structure  of  a pcroxomonocarbonatc,  KH(02)C02  H2O2,  was  determined  last  year 
(Figure  5.4).* 


Figure  5.4:  Section  of  the  crystal  structure  of  KH(Oj)COj  'H2O2  along  [010]. 
excellent  catalytic  oxidation  of  ethylphcnyl  sulfide  to  ethyphcnyl  sulfoxide  and 


the  limited  solubility  of  NaHCOj  in  H2O  / r-BuOH  mixed  solvent  has  restricted  the 
further  enhancement  of  the  catalytic  ability  of  the  novel  oxidation  system.  Our  work  has 


ethylphenyl  sulfone  by  formation  of  s 


:.91  However, 
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focused  on  searching  a bicarbonate  or  carbonate  salt  that  has  good  solubility  in  alcohol- 
water  mixed  solvent  and  excellent  reactivity  for  oxidation  reactions. 


Reagents  and  Equipment 

Unless  otherwise  staled,  all  reagents  were  obtained  from  commercial  sources  and 
used  without  further  purification.  Gas  chromatographic  analyses  on  volatile  products  and 
reactants  were  carried  out  by  using  a Hewlett  Packard  model  5890  gas  chromatograph 
equipped  with  Hewlett  Packard  50+  column  (crosslinkcd  50%  phenyl  methyl  - 30  m x 
0.53  mm  x 1 .0  pm  film  thickness)  and,  helium  as  the  carrier  gas,  a flame  ioniaalion 
detector,  and  a Hewlett  Packard  3396  Series  II  integrator.  Substrates  and  products  were 
identified  via  comparisons  with  known  standards.  Calibration  curves  were  used  to  relate 
peak  areas  to  the  number  of  moles  of  products  and  reactants. 


This  compound  is  prepared  simply  by  bubbling  CO;  gas  into  (CHi);CHCH;NH: 
solution  in  ice  bath.  White  precipitate  was  formed  and  stored  in  a refrigerator. 

General  Procedure  for  the  Oxidation  of  Ethvlnhenvl  Sulfide 

The  appropriate  amounts  of  catalyst  were  added  to  an  organic/water  mixed 
solution  containing  cthylphenyl  sulfide.  Hydrogen  peroxide  was  added  to  the  reaction  and 
reactions  were  run  at  25  °C.  Reactant  consumption  and  reaction  products  were  monitored 
and  quantified  by  GC.  The  moles  of  each  of  the  reactants  and  the  known  products  were 
determined  using  calibration  curves  for  each  compound. 


Results  and  Discussion 


Variation  of  Carbonate  and  Bicarbonate  Salts 

We  screened  several  different  salts  by  testing  the  reactivity  of  oxidation  of 
ethylphenyl  sulfide.  The  results  are  listed  in  Table  5.1. 


Table  5.1.  Oxidation  of  ethylphenyl  sulfide  catalyzed  by  different  salts.3 


NHrHCOj 

Na,COj 

(CH,CH,CHa),NHCOj6 
NH.HCO,  (10Jmol  H,0’) 


“ Reaction  conditions:  7.5  mL  /-butanol;  3 mL  H2O;  4.8  x 10-4  mol  salt  (0.035M);  2 mL 
35%  Ha02<1.7  M);  8.2  x I O'3  mol  ethylphenyl  sulfide(0.6  M);  032  mL  chlorobenzene  as 
internal  standard.  The  reactions  were  run  at  25°C  and  were  followed  by  GC.  The 
experimental  error  for  the  determination  of  the  half-life  (t|/j)  of  the  reaction  is  ± 5 


b Salt  generated  in  situ. 


The  reaction  rates  are  greatly  influenced  by  the  nature  of  the  salts  employed. 
Better  reactivity  can  be  achieved  by  using  NH4HCO3  rather  than  NaHCOj,  which  was 
used  in  our  previous  study.  The  catalytic  reaction  is  apparently  quenched  by  using 
NajCOj.  This  result  may  indicate  that  the  reaction  is  pH  dependent.  Adding  small 
amounts  of  acid  to  the  system  slightly  increased  rate  of  the  reaction,  suggesting  that  lower 
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pH  favors  the  oxidation  reaction.  We  decreased  the  concentration  of  H2O2  from  4.2  M to 
1 .7  M in  our  reaction  system  in  order  to  increase  the  reaction  efficiency  and  get  accurate 
experimental  results. 

There  is  an  advantage  in  using  NH4HCO3  to  replace  NaHCOj.  The  higher 
solubility  of  NHiHCOj  in  alcohol-water  mixed  solvents  allows  us  to  put  more  catalyst  in 
the  solution  to  facilitate  the  reaction.  The  reaction  rate  increased  dramatically  by  adding  5 
times  more  catalyst  (NH4HCO3).  The  results  are  summarized  in  Table  5.2. 

Table  5.2.  Oxidation  of  ethylphenyl  sulfide  catalyzed  by  different  amount  of  NH^HCO^.* 
NH^HCOj  (M)  ti/2  (min.) 


* Reaction  conditions:  7.5  mL  /-butanol;  3 mL  H;0;  2 mL  35%  H2O2  (1.7  M);  8.2  x 10*3 
mol  ethylphenyl  sulfidc(0.6  M);  0.2  mL  chlorobenzene  as  internal  standard.  The  reactions 
were  run  at  25°C  and  were  followed  by  OC.  The  experimental  error  for  the  determination 
of  the  half-life  (tm)  of  the  reaction  is  ± 5 minutes. 

Influence  on  the  Amount  of  Water 

The  preliminary  mechanistic  study  proposes  that  the  reaction  Hrst  reach  the 
equmonum  for  the  formation  of  active  peroxymonocarbonate  anion  followed  by  oxygen 
transfer  from  peroxymonocarbonate  to  substrate  (Equation  5.1).  The  equilibrium  will 
shift  to  the  right  side  by  reducing  the  amount  of  water  presenting  in  the  system. 
Theoretically,  the  oxidation  reaction  will  speed  up  by  the  formation  of  more  active 
peroxymonocarbonate  intermediate. 


Tabic  5.3.  Influence  on  the  amount  of  water." 


* Reaction  conditions:  2 mL  35%  H20;(1.7  M);  4.1  x I0'J  mol  ethylphenyl  sulfide  (0,3 
M);  4.8  x 10"*  mol  NHrHC03(0.035  M);  0.2  mL  chlorobenzene  as  internal  standard.  The 
volume  of  the  solution  is  keeping  constant  as:  Vtawanoi + Vaa,.,  = 10,5  (mL).  The  reactions 
were  run  at  25°C  and  were  followed  by  GC.  The  experimental  error  for  the  determination 
of  the  half-life  (ti/2)  of  the  reaction  is  ± 5 minutes. 


Table  5.3  lists  the  experimental  results  obtained  when  the  concentration  of  water 
in  the  system  is  varied.  The  results  are  not  what  we  expected.  At  the  beginning,  cutting 
the  amount  of  water  in  the  system  increased  the  reactivity  as  we  expected.  But,  when  the 
concentration  of  water  in  the  system  is  too  low.  the  decreasing  of  the  polarity  of  the 
system  and  lower  solubility  of  bicarbonate  catalyst  may  become  the  predominant  factor  to 
slow  down  the  reaction. 

Oxidation  of  Ethylphenyl  SulfidcJn.Dj.ffcrept.gpJyents 

Water-  r-butanol  mixed  solvent  is  used  in  our  reaction  system  to  give  good 
solubility  to  both  organic  sulfide  and  inorganic  bicarbonate  salts.  /-Butanol  is  a good 
choice  because  it  is  non-toxic,  cheap,  stable,  and  can  be  mixed  with  water;  however,  the 
high  melting  point  (25°C)  of  /-butanol  limits  the  use  of  this  solvent  especially  in  cold 
weather.  We  have  screened  several  organic  solvents  as  substitutes  for  /-butanol 


(Table  5.4).  Ethanol  is  the  best  solvent  we  found.  No  oxidation  products  of  ethanol 1 
found  in  the  reaction  system. 


Table  5.4.  Solvent  variation.0 


CHjC(0)CHi 

CHjOH 

CjHsOH 

C.H,OH  (CO;  saturated) 
(CHj)jCHOH 
HOCH,CHjOH 
p-Dioxane 
C.H,OH  (blank) 


" Reaction  conditions:  7.5  mL  solvent;  3 ml  HjO;  2 mL  35%  HjOjOJM);  8.2  x I O'3  mol 
ethylphenyl  sulfide(0.6M);  4.8  x 10J  mol  NH.,HCOj(0.035M);  0.2  ml.  chlorobenzene  as 
internal  standard.  The  reactions  were  run  at  25°C  and  were  followed  by  GC.  The 
experimental  error  for  the  determination  of  the  half-life  (tin)  of  the  reaction  is  ± 5 


Sy.nthcsig_and.Rcactwity.oif(GHi);CHCH^NH)I-iICQj 

Bicarbonate  salts  with  a large  organic  counter-ion  have  good  solubility  in  alcohol- 
water  mixed  solvents.  The  excellent  results  by  using  large  amount  of  NH4HCO3  listed  in 
Table  5.2  prompted  us  to  further  increase  the  size  of  the  counter-ion  of  bicarbonate  salt  in 
an  attempt  to  improve  solubility  of  the  catalyst, 

(CIThCl  ICH’NHiHCOi  is  easily  to  prepare  simply  by  bubbling  COi  gas  into 
(CHi);CHCH,NH,  solution  as  shown  in  Equation  5.2.  White  precipitation  forms 


HjO  + 0O2  + (CH3)3CHCH2NH2  <CH3)2CHCH2NH3HC03  (5.2) 

The  isolated  compound  was  used  to  test  the  solubility  and  reactivity  for  the 
oxidation  of  ethylphenyl  sulfide.  The  results  were  also  compared  to  NlljHCOi  as  catalyst 
(Table  5.5). 

Table  5.5.  Influence  on  the  Size  of  Counter-Cation.0 

Salt  (M)  t,/j  (min.) 

(CHi),CHCHiNHjHCOi  (0.35  M)  17 

NH.HCO,  (0.035  M)  5S 

NHjHCOj  (0.105  M)  12 

0 Reaction  conditions:  7.5  mL  /-butanol;  3 mL  H20;  2 ml  35%  H203  (1.7  M);  8.2  x 10° 
mol  ethylphenyl  sulflde(0.6  M);  0.2  ml  chlorobenzene  as  internal  standard.  The  reactions 
were  run  at  25°C  and  were  followed  by  GC.  The  experimental  error  for  the  determination 
of  the  half-life  (tier)  of  the  reaction  is  ± 5 minutes. 

(CHj>2CHCH2NHjHCOj  is  not  as  active  as  NHiHCOj  at  same  concentration  but 
has  a much  better  solubility.  We  have  not  reached  the  saturation  of  the  solution  by  adding 
10  times  more  (CH3)2CHCH2NH3HC03  salts  in  to  the  solution.  The  results  are  promising 
for  increasing  the  reaction  rate  by  adding  large  amount  of  bicarbonate  salt. 


The  monocarbonatc  decontamination  system  has  been  improved  by  alteration  of 
solvent  and  count-ion  in  bicarbonate.  By  using  NH4HCO4  as  catalyst  and  C2Hj0H/H20 


as  solvent,  the  reaction  rate  for  the  oxidation  of  mustard  simulant,  ethyl  phenyl  sulfide 
(EtPhS),  can  be  increased  10  times  compared  with  the  original  system  using  NaHCOj  as 
catalyst  and  MiuOH/H’O  as  solvent.  The  synthesis  of  a new  bicarbonate  salt  with  a large 
organic  cation,  (CHi);CHCH:NH.iHCO.!,  makes  it  possible  for  the  further  increasing  the 
reaction  rate  by  adding  more  to  the  reaction  system. 


CHAPTER  6 

ACTIVATION  OF  HYDROGEN  PEROXIDE  IN  BASIC  AQUEOUS  SOLUTION  BY 
COPPER  (II)  WITH  2-PYRIDYLACETIC  ACID 

Iniroduciion 

Catalytic  oxidation  reactions  in  aqueous  media  have  received  much  attention 
recently,97  Water  is  an  ideal  solvent  to  cany  out  oxidation  reactions  from  both  a practical 
as  well  as  environmental  standpoint. 

Water-soluble  manganese  porphyrin  complexes  are  vciy  good  catalysts  for  doing 
oxidation  reactions  in  aqueous  media.  Zheng  and  Richardson  used  a water-soluble 
manganese  porphyrin  catalyst  to  oxidize  different  organic  substrates  using  Oxone  or 
magnesium  monoperoxyphthalate  (MMPP)  as  oxidants.9*  Olefins  can  be  oxidized  to 
epoxides  or  the  corresponding  hydrolyzed  diol  products.  Alcohols  can  be  oxidized  to 
ketones  and  aldehydes  can  be  oxidized  to  acids.  There  are  some  other  examples  of  metal 
porphyrin  catalyzed  oxidation  of  organic  substrates.  Song  synthesized  Vitamin  Kj  and 
6-methyl- 1. 4-naphthoquinone  by  metailoporphyrin-catalyzed  oxidation  of 
2-methylnaphthalenc  using  potassium  monopcrsulfate  as  oxidant.  Hodges  reported  the 
oxidation  of  azo  dyes  by  sterically  hindered  anionic  oxoiron  (IV)  porphyrin  in  aqueous 
solution.  There  is  considerable  interest  in  dye  oxidation  reactions  because  of  the  need 
to  be  able  to  oxidize  dyes  in  industrial  effluent101  and  maintain  the  color  of  dyed  fabrics 
during  washing  processes'®  or  through  photo-oxidation  in  sunlight.105  Kinetic 
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investigations  were  done  for  the  oxidation  of  substituted  arylazonaphtliol  dyes  by 
hydrogen  peroxide  tn  alkaline  solution101  and  oxidation  of  Methyl  Orange  and  substituted 
arylazonaphtliol  dyes. 

It  is  a surprising  that  unactivated  C-H  bonds  can  be  oxidized  in  aqueous  media 
catalyzed  by  platinum  catalysts.  For  example,  aliphatic  carboxylic  acids  can  be  converted 
to  the  corresponding  hydroxycarboxylic  acid.  The  order  of  preference  for  the  oxidation  of 
C-H  bonds  in  aliphatic  carboxylic  acids  are:  o-C-H  «P-C-H  < y-C-H  2 8-C-H  « 

G-CH.  Ethers,  alcohols,  esters,  and  light  alkanes  were  also  oxidized  by  platinum 
catalysts.1 

Rabion  studied  the  biomimctic  oxidation  in  water  with  water-soluble  alcohols  as 
substrates.  Water-stable  iron  catalysis  were  used,  which  mimic  methane  monooxygenase 
enzyme  (MMO).’08 

Some  manganese  1 ,4,7-triazacyclononane  complexes  have  been  shown  to  be 
effective  catalysts  for  the  oxidation  of  a variety  of  organic  substrates  with  H;0?.  In  this 
system,  an  oxo-manganese  (V)  species  has  been  identified  by  using  electrospray  mass 
spectrometry  for  the  reaction  of  manganese  triazacyclonananc  complexes  with  H;0;  and 
4-methoxyphenol  in  aqueous  solution.110 

A large  number  of  patents  address  the  goal  of  replacing  commercial  hypochlorite- 
containing  bleaches. 1 1 1 An  earlier  report  from  this  laboratory  describes  the  study  of 
several  copper  complexes  that  activate  hydrogen  peroxide  for  catalytic  oxidation  in  basic 
solution.”'  Bidcntate  ligands  were  shown  to  produce  the  most  effective  copper  (II) 
complexes  for  the  oxidation  of  quinaldinc  b!uc(pinacyanol  chloride)  in  basic  aqueous 
solution.  The  oxidation  was  proposed  to  proceed  through  a dissociative  mechanism  for 


coordination  of  hydroperoxide  to  the  copper  (II)  center  leading  to  a rate  law  in  the  form  of 
the  Michaelis-Menton  equation.  The  experimental  rate  law  is  that  expected  for 

We  report  here  the  synthesis,  characterization  and  reactivity  of  a series  of  different 
complexes  of  2-pyridylacetic  acid  that  form  at  different  ligand  to  copper  (II)  ratios.  A 
novel  complex  composition  in  the  series  is  characterized  by  single  crystal  X-ray 
diffraction.  The  activity  of  these  complexes  as  catalysis  for  activation  of  hydrogen 
peroxide  is  investigated  by  measuring  the  rates  of  oxidation  of  quinaldine  blue.  Rates  up 
to  an  order  of  magnitude  faster  than  the  related  copper  (II)  catalyst  systems  previously 
reported  are  observed.  Furthermore,  these  systems  are  able  to  oxidize  a wider  variety  of 
substrates  than  the  earlier  complexes. 


Materials  and  Physical  Measurements. 

UV-visible  measurements  were  performed  on  a Pcrkin-Elmcr  Lambda-6 
calibrated  Fisher  Accument  model  630  pH  meter. 


eived. 


An  aqueous  solution  of  2-pyridylacctic  acid  hydrochloride  (2.5  mmol)  was 
neutralized  with  KOH.  A CuCl:  aqueous  solution  (5  mmol)  was  added  dropwise.  The 
solution  was  stirred  at  90°C  overnight,  and  a green  precipitate  resulted.  After  filtration, 
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I (yield  85%).  Anal.  Calcd 


forCajCwHuNjOsCU:  C, 22.21;  H.  I.86;N, 3.70.  Found:  C,  22.61;  H: 2.00; N:  3.96. 
Preparation  of  Cu(PYAA)CI 

A methanol  solution  (lOmL)  of2-pyridylaccticacid  hydrochloride  (0.45  M)  was 
neutralized  with  triethylamine  (9  mmol).  A methanol  solution  (10  mL)  of  CuCI.  (0.45  M) 

under  vacuum  (yield  90%).  Anal.  Calcd  for  CuiC7H6Ni02C1i:  C,  35.76;  H,  2.57;  N,  5.96. 
Found:  C,  36.09;  H:  2.90;  N:  6.01. 


An  aqueous  solution  (10  mL)  of  2-pyridylacetic  acid  hydrochloride  (0.5  M)  was 
neutralized  with  KOH  (5  mmol).  10  mL  CuCI:  solution  (0.25  M)  was  added  dropwisc  at 

vacuum  (yield:  93%).  Anal.  Calcd  for  Cu:CmH:«N40,:  C.  48.77;  H.  3.80;  N.  8.12.  Found: 
C.  48.84;  H:4.00;N:  8.08. 


An  aqueous  solution  (10  mL)  of  2-pyridylacetic  acid  hydrochloride  (0.5  M)  was 
neutralized  with  KOH  (5  mmol).  lOmL  copper  (II)  chloride  solution  (0.25  M)  was  added 
dropwisc,  and  a blue  precipitate  was  formed.  Tile  solution  was  heated  to  90°C,  and  the 
precipitate  dissolved.  KOH  (0.05  M)  was  added  to  increase  the  pH  to  8.0.  After  standing 

washed  with  water,  and  dried  under  vacuum  (yield  67%).  Anal.  Calcd  for 
Cu:C:,H26N409:  C,  48.77;  H,  3.80;  N,  8.12.  Found:  C,  48.84;  H:  4.00;  N:  8.08.  The 
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crystals  for  the  structure  determination  were  grown  from  a methanol/dichloromethane 

X-ray  Structure  Determination  of  Cu,C.«HwN  .(\  .4.5H;Q 

X-ray  crystallography  work  was  done  by  Dr.  K.  A.  Abboud  at  the  Department  of 
Chemistry.  University  of  Florida.  Data  were  collected  at  room  temperature  on  a Siemens 
R3m/V  diffractometer  equipped  with  a graphite  monochromator  using  MoKa  radiation 
(X  = 0.71073  A).  40  reflections  with  20.0°  < 20  < 22.0°  were  used  to  refine  the  cell 
parameters,  3482  reflections  were  collected  using  the  or-scan  method.  Four  reflections 
were  measured  every  96  reflections  to  monitor  instrument  and  crystal  stability  (maximum 
correction  on  I was  < 2.00  %). 

The  structure  of  CujCjftHroNjOs  »4.5H20  was  solved  by  the  Direct  Methods  in 
SHELXL-97,  and  refined  using  full-matrix  least  squares."  The  non-H  atoms  were  treated 
anisotropically,  whereas  the  hydrogen  atoms  were  calculated  in  ideal  positions  and  wete 
riding  on  their  respective  carbon  atoms.  The  asymmetric  unit  consists  of  a half  complex, 
two  water  molecules  in  general  positions  and  one  water  molecule  (06|  on  a 222  symmetry 
element.  The  water  H atom  were  located  from  a difference  Fourier  map  and  were  riding 
on  their  parent  O atoms  with  displacement  parameters  equal  to  1 .2  of  the  parent  O atoms. 
One  H atom  was  located  on  the  06  water  and  its  occupation  factor  was  fixed  at  0.5 
because  of  symmetry'.  A total  of  193  parameters  were  refined  in  the  final  cycle  of 
refinement  using  1990  reflections  with  I > 2s(I)  to  yield  R|  and  wRj  of  4.44%  and  8.72%, 
respectively.  Refinement  was  done  using  F2.  The  abbreviated  crystallographic  data  for 


Cu2C!6lM«)6*t.5H20  is  listed  in  Table  6.1. 
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Table  6.1.  Crystal  data  and  structure  refinement  for  CuiCmHioNiOs  -4.51120. 


Empirical  formula 

Ct6  Cu2  N|  OlD.jO 

Formula  weight 

692.61 

Temperature 

293(2)  K 

Wavelength 

0.71073  A 

Crystal  system 

Orthorhombic 

Space  group 

Fddd 

Unit  cell  dimensions 

a = 19.568(4)  A;  b = 22.476(5)  A;c  = 
25.573(5)  A.  a - 90°  p=  90°  y - 90° 
Volume  = 1 1247(4)  AJ-  Z = 16 

Density  (calculated) 

1.636  Mg/m3 

Absorption  coefficient 

1.579  mm-1 

F(000) 

5680 

Crystal  size 

0.32x0.21  x0.15mm 

Theta  range  for  data  collection 

1.59  to  27.50° 

Limiting  indices 

0=h=25, 0=k=29, 0=1=33 

Reflections  collected 

3482 

Independent  reflections 

3235  [R(int)  = 0.0000] 

Absorption  correction 

None 

Refinement  method 

§ 

1 

1 

i 

Data  / restraints  / parameters 

3235  / 0/193 

Goodness-of-fit  on  F^ 

1.029 

Final  R indices  [I>2sigma(I)] 

R,  = 0.0444,  wR2  = 0.0872  [1990] 

R indices  (all  data) 

Ri  = 0.0854,  wR2  = 0.0946 

Largest  diff.  peak  and  hole 

0.480  and -0.451  c.A‘3 
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Results  and  Discussion 

Qxi#|ion  of  Quinaidine  Blue  by  Copper  (II)  Chloride  with2-Pyridylacelic  Acid  at 
Different  Ligand  ;^.elal_Ra.lios 

Catalysis  for  the  activation  of  hydrogen  peroxide  were  screened  by  forming 
complexes  in  solution  from  stock  solutions  of  copper  (II)  chloride  and  2-pyridylacetic 
acid.  Activity  was  measured  by  following  the  rate  of  oxidation  of  a redox  indicator, 
quinaidine  blue.  Hie  ratio  of  2-pyridylacetic  acid  to  copper  chloride  in  the  catalyst 
solution  was  varied  in  a series  of  oxidation  reactions  in  which  the  metal  concentration 
was  kept  constant.  The  influence  of  the  ligand  : metal  ratio  on  the  rate  of  oxidation  of 
quinaidine  blue  by  hydrogen  peroxide  is  given  in  Table  62. 


Table  6.2.  Rate  of  quinaidine  blue  oxidation  with  varying  ratios  of  2-pyridylacctic  acid  to 
CuClj." 


Ligand : Metal  Ratio  Rate  of  Oxidation  (M I s) 

LI  0.25  x I O'7 


" [Copper  (II)]  - 2.9  x I O'5  M;  [IljOj]  = 2.9  x I0"1  M;  [quinaidine  blue]  = 3.0  x I0'5  M. 
All  reaction  solutions  were  buffered  at  pH  9. 1 using  a borate  buffer.  Rate  measured  by 
UV-visible  spectrophotometer  at  = 600  nm,  monitoring  the  decrease  in  quinaidine 
blue  concentration  vs.  time.  Rate  of  oxidation  was  determined  through  the  method  of 
initial  rates  and  corrected  for  the  background  reaction  in  the  absence  of  catalyst. 


The  most  active  catalytic  system  is  obtained  at  an  8:  l ligand : Cu  (II)  ratio.  With 
the  Cu  (II)  complexes  studied  earlier.97c  ligand : metal  ratios  of  1 : 1 produced  the  most 
active  oxidation  catalysts  and  excess  ligand  slowed  the  rale  of  oxidation. 

A spectroscopic  investigation  was  done  in  an  attempt  to  determine  why  a high 
ratio  of  ligand : metal  is  beneficial  for  the  2-pyridylacetic  acid  system.  The  UV-visible 
spectrum  at  a fixed  concentration  of  Cu  (II)  gives  no  new  bands  as  ligand  is  added  above 
a 2: 1 ligand : metal  ratio  but  showed  a continuous  increase  in  absorbency  as  the  ligand 
was  added  up  to  an  8:1  ligand : metal  ratio. 

We  attempted  to  use  Job's  method  to  determine  the  composition  of  copper  (II) 
complex  with  2-pyridylacelic  acid  in  the  solution.  Job's  method 112  employs  spectra  of  a 
series  of  solutions  of  widely  varying  mole  ratios  of  ligand  to  metal,  with  the  same  total 
number  of  moles  of  ligand  plus  metal,  to  determine  the  composition  of  complexes  formed 
in  a solution.  There  is  a limitation  using  Job's  method  to  determine  the  composition  of  a 
metal  complex.  Some  trouble  may  be  encountered  in  dealing  with  a weak  complex,  for 
the  absorbance  curve  will  be  quite  flat  in  the  vicinity  of  the  maximum. 1 1 2 The  results  of 
Job's  experiments  for  the  2-pyridylacctic  acid  /Cu  (II)  system  gave  flat  absorbance  curves, 
and  the  position  for  the  maximum  absorbency  is  dependent  on  the  wavelengths  chosen  for 
the  analysis.  It  is  not  appropriate  lor  using  Job's  method  to  determine  the  composition  for 
the  2-pyridylacetic  acid  / Cu  (II)  system.  The  results  from  Job's  method  experiments  also 
indicate  that  there  is  no  predominate  species  in  the  solution  for  the  2-pyridylacelic  acid  / 
Cu  (II)  system.  Several  copper  (II)  complexes  with  different  ligand : metal  ratio  may  exist 


simultaneously  in  the  solution. 


The  oxidation  products  of  quinaldinc  blue  were  not  determined  in  this  study. 
Byers' 13  oxidized  quinaldinc  blue  by  a photooxidation  method  and  a 30%  yield  of 
N-ethyl-2-quinolone  was  isolated  as  oxidation  product.  Some  of  the  initial  oxidation 
products  are  labile  and  degrade  further. 

Isolation  and  Characterization  of  Solid  Complexes 

‘file  promising  catalytic  results  encouraged  the  synthesis  of  complexes  of 
2-pyridylacctic  acid  and  copper  (II).  The  synthesis  of  Cu(PYAA)i  complex  has  been 
reported  by  other  workers  and  the  crystal  structure  has  been  determined."4  In 
Cu(I’YAA):,  a six  coordinate  Cu  (II)  is  surrounded  by  an  octahedral  arrangement  of  two 
pyridine  nitrogen  atoms  and  two  carboxyl  oxygen  atoms  belonging  to  the  same  chelate 
molecule,  and  of  two  other  carboxyl  oxygen  atoms  at  the  vertices,  belonging  respectively 
to  the  lower  and  upper  molecules.  No  any  other  characterization  of  1 :2  and  I : I ligand  to 
mclal  ratio  compounds  are  found  in  the  literature.  We  successfully  isolated 
Cu;(PYAA)CIj*0.5H,O  and  Cu(PYAA)Cl  complexes,  which  may  exist  in  the  solution. 

An  interesting  complex  was  also  isolated  from  a 2:1  solution  of  2-pyridylacctic 
acid  and  copper  (II)  that  was  healed  to  90°C  to  drive  off  water.  Elemental  analyses  results 
indicated  that  Cu(PYAA):  was  not  obtained.  The  crystal  structure  of  the  complex  has 
been  determined  by  X-ray  crystallography.  An  ORTEP  view  of  the  complex  is  shown  in 
Figure  6,1,  In  this  complex,  the  ligand  (PYAA)  has  undergone  oxidative  degradation. 
One  of  the  2-pyridylacctic  acid  ligands  lose  CO:  and  condense  with  another 
2-pyridylacctic  acid  to  give  a tetradentate  ligand:  2-py-C0-CH(C02H)-2-py.  This  results 
in  a copper  (II)  dimer  with  on  unusually  short  Cu-Cu  distance  (2.9  A).  Each  Cu(II)  is  five 
coordinated  with  distorted  square  pyramidal  geometry.  All  the  bond  lengths  are  in  the 


normal  bond  length  range  except  the  longer  Cu-03  bond  (2-23  A),  which  indicates 
weaker  interaction  because  of  rigid  complex  configuration. 


Figure  6.1.  Crystal  structure  of  CU2CuHaoN40A*4<SHaO, 

Metal-assisted  ligand  oxidation  is  reported  in  the  literature.  2,2’-Bipyridine  was 
first  prepared  in  more  than  one  hundred  years  ago  from  the  distillation  of  a basic  aqueous 
solution  of  the  transition  metal  complexes  of  2-pyridinecarboxylate. 1,5  Two  recent 
published  papers  also  discussed  about  this  issue.1 1,1 
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The  isolated  complexes  were  used  for  the  oxidation  of  quinaldine  blue.  In  all 
instances  except  for  the  complex  in  Figure  6. 1 , the  complex  behaved  the  same  as  the 
comparable  ratios  of  ligand  to  Cu  (II).  Addition  of  excess  ligand  to  the  solution 
containing  isolated  complexes  increased  reactivity  for  the  oxidation  reaction.  The 
complex  in  Figure  6. 1 was  not  as  active  as  the  other  isolated  complexes  in  part  because  of 
its  lower  solubility  in  water. 

We  do  not  know  the  complexes  responsible  for  the  most  efficient  catalysis.  Our 
earlier  results1'  with  copper  (II)  complexes  suggest  that  the  1:1  Cu  (liyPYAA  complex 
should  be  the  most  active  species  in  solution  and  Cu(PYAA)j  should  be  less  active.  One 
possible  explanation  is  that  the  high  ligand  : metal  ratio  is  needed  to  avoid  the  hydrolysis 
of  coppcrfll)  species  in  basic  solution,  which  will  decompose  the  catalyst.  So  an  8:1  ratio 
may  maximize  the  concentration  of  the  active  catalyst  which  we  shall  refer  to  as 
CuPYAA.  As  the  ratio  of  ligand  to  metal  increases  above  an  8: 1 ratio,  the  CuPYAA 
complex  is  converted  to  the  Cu(PYAA)2  complex  which  leads  to  decrease  the  catalytic 
activity.  Similar  results  were  reported  by  Barton1 17  for  the  oxidation  of  hydrocarbons  by 
using  Fe1 -picolinic  acid  as  a catalyst.  A system  with  Fe  “ / picolinic  acid  = 1 :4  was 
optimum  for  oxidation  of  saturated  hydrocarbons,  while  using  1 0 equivalents  of  picolinic 
acid  actually  slightly  decreased  the  oxidation  reaction  rale. 

Effect  of  Complex  and  Peroxide  Concentration  on  the  Reaction  Rate 

The  oxidation  of  quinaldine  blue  was  performed  with  differing  amounts  of 
copper  ( II)  and  hydrogen  peroxide  keeping  the  ratio  of  ligand  to  metal  at  4: 1 in  all  the 
experiments.  The  results  show  that  the  reaction  is  also  fust  order  in  copper  (II)  complex 
(Figure  6.2).  This  is  in  agreement  with  the  results  of  our  earlier  work  on  peroxide 


activation  with  copper  (II)  complexes.97'  A Lincweaver-Burk  plot  of  1/[H02’]  vs.  I /(rate) 
(Figure  63)  gives  a straight  line,  indicating  that  the  reaction  follows  Michaelis-Mcnton 
kinetics  (Figure  6.4)  consistent  with  the  mechanism  reported  earlier  for  activation  of 
peroxide  by  copper  (II)  complexes  of  other  bidentale  ligands. 

2.5 
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Figure  6.2:  Rates  of  quinaldine  blue  oxidation  with  various  concentration  of  copper  (II) 
complex. 
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Figure  63:  Effect  of  the  concentration  of  H2O2  on  the  rate  of  quinaldine  blue  oxidation. 
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Hj0j  ‘ - 02H‘+  If  K,=  1.78  xlO'12 

LCu"(H20)4  ...  LCu"(H20)3  + H20 

k-.i 

Cu"(H20)3  + 02H  ' U-  LCu"(H20)2(02H  *) 

LCu"(H20)3(02H  ^ * substrate Product  + LCu"(H20)4 

Rate  = k2  |LCud(H20)31  [OjH'J 

k,k2  [LCud(H20)3]  [02H'l 
k.i  + k2[02Hl 

Rate  = 

Km+  [0[H'l 

V™  = k,[  LCu"(H20)41  K„,  = k / k2 

Figure  6.4:  Kinetics  for  oxidation  reaction  catalyzed  by  copper  (II)  complexes. 

The  rates  of  reaction  for  oxidation  by  CuP  YAA  arc  considerably  faster  than  for 
complexes  reported  earlier.  Since  all  the  copper  complexes  studied  followed  Michaelis- 
Menton  kinetics,  they  can  be  compared  based  on  the  Vm„  values  obtained  from  plots  of 


l/[HOj")  vs.  l/rate.  The  Vm„  for  Ihe  Cu/  PYAA  syslera  is  5.1  x 10'*  M s'1  for  a copper 
complex  concentration  of  2.8  x 10'*  M.  This  is  much  higher  than  that  for  the  Cu/picolinic 
acid  system,  where  the  V,-,,  was  only  7.9  x 10'7  M s‘l97c  The  Vml,  values  show  dial 
CuPYAA  is  a better  catalyst  for  activation  of  peroxide  in  basic  solution  than  any  of  the 
copperfll)  complexes  studied  earlier. 

Oxidation  of  Other  Substrates  by  CuPYAA 

CuPYAA -catalyzed  oxidation  of  different  alcohols  by  hydrogen  peroxide  were 
examined  at  the  same  conditions  used  in  the  quinaldine  blue  oxidation.  Table  6.3  shows 
the  percentage  conversion  to  oxidized  products  for  different  ligand  and  metal  ratios. 

Table  6.3.  Percentage  conversion  to  oxidized  products  for  varying  ligand  to  metal  ratios. 
Catalyst  System  .Ally  I Alcolml.  % Conversion 

CuCh  + 2PYAA  15 

CuCli  + 4PYAA  32 

CuClj  + 6PYAA  35 

CuClj  + 8PYAA  33 

* [Coppcrfll)]  = 3 X 10-1  M;  (H20;I  = 3 M;  [Allyl  alcohol  | = 3.0  x Iff4  M.  All  reaction 
solutions  were  buffered  at  pH  8.0  using  a bicarbonate  buffer.  Percentage  conversion  was 
measured  by  gas  chromatography  afler  24  hours. 

In  Table  6.3,  we  can  find  Ihe  similar  trend  obtained  in  oxidation  of  quinaldine 
blue.  The  conversion  of  oxidized  products  increases  as  we  increase  the  ligand  to  ntetal 
ratio.  However,  the  highest  conversion  for  oxidizing  allyl  alcohol  was  around  ligand  to 
metal  ratio  around  6: 1 which  is  not  exactly  the  same  as  what  we  got  at  8: 1 . Hydrogen 
peroxide  is  not  very  stable  in  the  basic  aqueous  solution  with  metal  catalyst. 
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■JCopperOD]  = 6 x 10J  M;  |PYAA|  = 2.4^10°  M:  [H;O^=0.7  M;  [Alcohol  | = 0.06 
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complex  with  a weakly  coordinaled  water  are  not  present.  Several  copper  (II)  complexes 
can  be  isolated  from  solutions  containing  copper  (II)  and  2-Pyridylacetic  acid.  The  most 
interesting  of  these  results  form  the  condensation  of  two  2-Pyridylacetic  acid  ligands.  The 
ciystal  structure  for  this  complex  shows  a copper  (II)  dimer  with  an  unusually  short 
Cu-Cu  distance.  The  isolated  complexes  require  excess  ligand  for  lull  catalytic  efficiency, 
as  addition  of  excess  ligand  to  solutions  made  from  the  isolated  complexes  increases 
activity. 
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